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V  ABSTRACT 
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The  parameters  and  trades  involved  when  using  various  Passive  Optical  Te 
niques  to  separate  earth  orbiting  objects  from  the  celestial  background  and  the 
capability  of  Orbit  Prediction  from  angle  only  data  are  presented.  In  addition  b 
discussions  of  the  celestial  background,  atmospheric  effects,  target  brightness 
factors,  lens  (optical)  design,  detection  theory  and  sensor  capabilities  are  rep*, 
in  modified  handbook  form. 
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PROJECT  ENGINEER’S  EVALUATION 


The  final  draft  report  for  ''Passive  Optical  Techniques  Investigation,  "  has  been 
reviewed  by  the  Project  Engineer  and  is  found  to  be  acceptable  for  publication.  The 
investigation  was  sponsored  under  RADC  Contract  AF30(602)-2886. 

The  purpose  of  this  study  and  investigation  is  concerned  with  the  night-time 
space  surveillance  problem  of  separating  orbiting  objects  in  a  celestial  environment 
and  the  capability  of  orbital  prediction  when  using  ground  based  passive  equipments. 

The  investigation  covered: 

a.  The  factors  effecting  detection  and  trades  essential  in  the  utilization 

of  a  candidate  system.  Since  the  conditions  of  the  celestial  background 
and  targets  cannot  be  controlled  they  must  be  established  and  trade¬ 
offs  made  between  (1)  Lens  diameter,  (2)  Field  of  view,  and  (3)  Image 
time  for  obtaining  the  required  capability. 

b.  Separation  techniques  and  combinations  (Hybrid  Systems)  of  which 
best  applies  to  the  threat  present  for  solution  (height,  brightness, 
velocity  of  targets,  etc.).  The  evaluation  of  these  techniques  is  based 
on  the  ability  to  cancel  stars  (background)  for  the  range  of  intensities 
involved  and  the  retention  of  the  targets  versus  its  complexity. 

c.  Orbital  prediction  capability  from  angle  only  data. 

d.  The  factors  effecting  false  alarm  rate,  and  detection  probability. 

e.  Some  limited  measurements  of  various  separation  factors. 

f.  The  detection  of  a  target  versus  orbit  height. 

The  results  of  this  investigation  are  of  great  value  to  the  Air  Force  in  the  field 
of  passive  optical  processing.  The  complete  problem  of  space  surveillance  has 
been  investigated,  with  primary  emphasis  on  techniques,  system  trade-offs,  and 
parameters  vital  for  passive  detection.  These  results  are  essential  in  the  utiliza¬ 
tion  of  a  system  capable  of  performing  the  passive  night-time  space  surveillance 
task. 


BERNARD  DITANO 
Project  Engineer 


INTRODUCTION 


The  principle  purpose  of  this  study  and  investigation  is  concerned  with  the 
nighttime  space  surveillance  problem  of  separating  orbiting  objects  in  a  celestial 
environment  and  the  capability  of  Orbital  Prediction  when  using  ground  based  (ea 
passive  equipments.  The  content  of  the  celestial  environment,  the  equipment 
parameters,  detection  theory,  separation  techniques,  and  system  trades  applied 
are  emphasized.  Information  is  included  to  illustrate  the  effects  of  some  of  the 
factors  when  considering  other  problem  areas  (discrimination  and  identification, 
high  resolution  and/or  precision  position  information,  etc. ). 

This  report  is  written  in  several  sections  corresponding  to  the  contract  stt  *■ 
items,.  The  theme  of  each  section  is  noted  below. 

SECTION  THEME 

I.  Problem  Analysis  and  Techniques  Discussions. 

II.  Equipment  Parameters  and  Trades. 

III.  Measurements  and  Evaluation  (Part  II). 

IV.  System  Analysis  and  Trades. 

V.  Overall  Orbit  Predlctiop.Capability  (from  angle  only  data). 

VI.  Overall  Conclusions  (Part  II). 

Section  I  includes  discussions  of  problem  areas  and  brief  descriptions  of  the 
techniques  applicable  to  space  surveillance  system  tasks.  Section  II  includes 
equipment  aspects,  detection  theory,  operational  theory  and  linearity  and  registr 
problems,  etc.  Section  IV  includes  a" few  approaches  to  system  aspects  of  the 
separation  problems  for  baseline  separation  and  single  station  catalog  separation 
Section  V  discusses  the  Orbit  Prediction  problem.  Since  no  actual  system  requir 
ments  were  specified,  the  report  material  is  presented  in  a  modified  handbook 
format  together  with  several  postulated  system  configurations,  to  illustrate  appli 
cation  of  its  content  to  this  and  other  electro-optical  requirements.  Part  II  of  th< 
report  will  present  general  conclusions  and  recommendations  in  addition  to  perfo 
mance  measurement  and  evaluation  criterion.  A  glossary  of  terms  and  definitior 
is  included  in  Part  I  following  the  text  material. 


SECTION  I.  PROBLEM  ANALYSIS  AND  TECHNIQUES  INVESTIGATION 


A.  GENERAL  PROBLEM  DISCUSSION  AND  BOUNDARIES 


The  separation,  discrimination,  and  identification  oi  a  specific  object  in  an 
environment  with  other  objects  in  a  night  sky  background  is  an  extensive  field  The 
Electro-Optical  Space  Surveillance  Task  is  concerned  with  detection  and  separation 
of  the  objects  from  the  night  environment  by  passive  means;  that  is  utilizing  reflec¬ 
ted  celestial  illumination,  primarily  the  sun.  The  altitude  of  objects  detected  may 
be  quite  large  depending  on  1  jeation  and  the  amount  of  the  reflected  Riamination  and 
therefore  angular  rates  may  vary  from  2  or  3°  per  sec,  to  sidereal  rate  and  even 
retrograde,  with  inclinations  from  polar  to  equatorial. 

Since  low  altitude  objects  (orbiting  satellites  and  ballistic  trajectory  targets 
less  than  2000  miles  above  earth  surface)  are  illuminated  only  a  few  hours  of  the 
day,  they  are  assumed  to  be  under  24  hr.  surveillance  by  the  active  radar  network. 
They  are  not  considered  targets  for  the  electro-optical  system  surveillance  task  but 
are  of  concern  since  they  will  be  detected  and  would  otherwise  cause  false  .alarms. 

In  fact,  their  appearance  rates  may  account  for  80  to  98%  of  the  alarms  until  their 
orbits  are  established. 

In  this  report  we  will  touch  primarily  on  techniques  where  separation  is  detected 
using  one  or  more  specific  object  or  target  characteristic,  Discrimination  and  iden¬ 
tification  may  also  lie  obtained  thru  uiffe  of  electro-optical  techniques  and  systems  but 
they  are  not  specifically  reported  here.  The  separation  techniques  applicable  fall 
into  one  or  more  of  the  following  four  categories,  namely: 

1 .  Object  or  Target  Signature 

a.  Spectral  identification 

b.  Scintillation,  tumbling,  etc. 

c.  Variation  of  Illumination  during  orbit 

2.  Catalogue 

3.  Location  of  Object 

a.  Depth  of  Focus  ' 

b.  Rate  Maneuver 

c.  Celestial  Displacement 

4.  Motion  of  the  Object  to  Background 

a.  Monocular  Systems  (time  displaced  change  with  respect  to  background) 

b.  Binocular  Systems  (position  displaced  simultaneous;  3D  displacement 
with  respect  to  background) 
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1.  OBJECT  OR  TARGET  SIGNATURE 


Object  detection  and  separation  by  signature  also  involves  discrimination  and 
identification  by  virtue  of  specific  spectral  response,  scintillation-tumbling,  or 
variation  ot  illumination,  etc. ,  in  that  it  also  distinguishes  it  from  ethers  as  well 
as  the  background.  For  spectral  identification,  the  alternate  use  of  band  filters  to 
measure  response  at  specific  spectrum  bands  is  the  principle  technique.  Various 
photocathode  surface  responses  can  be  used  to  extend  capability  of  the  method  S-10, 
S-16,  S-20,  S-l,  and  middle  and  far  infrared  tubes  and/or  detectors  with  band  fil¬ 
ters  can  also  be  used,  however,  energy  differences  are  small  (therefore,  little  use 
is  considered)  except  for  re-entry. 

~  For  scintillation-tumbling,  etc. ,  the  variation  of  returned  and  collected  energy 
is  analyzed  to  resolve  identifying  characteristics  and  so  classify  the  objects  or  tar¬ 
gets  involved. 

For  a  vehicle  which  moves  with  respect  to  observer,  the  amount  of  illumination 
and  thus  reflected  energy  reaching  observer  changes  according  to  its  motion.  The 
illumination  and  phase  of  illumination  are  involved  in  setting  the  object  brightness 
and  are  representative  of  its  motion.  The  reflected  and  collected  energy  by  the 
detection  system  additionally  varies  with  the  vehicle  motion  and  the  phase  (angle 
position)  with  respect  to  the  detector.  Thus,  the  extent  and  rates  of  change  of  re¬ 
turned  energy  will  define  an  object  from  others  and  its  background.  This  change  is 
difficult  to  measure  with  sufficient  precision  (it  is  also  affected  heavily  by  atmos¬ 
pheric  conditions,  see  Section  I-C)  in  practice  and  hence  has  little  favor  as  a  single 
technique.  However,  a  discussion  on  the  general  subject  is  hardly  complete  without 
this  much  written. 

2.  CATALOGUE 

A  fundamental  method  of  recognizing  a  new  target  or  object  is  simply  to  count 
and  keep  track  of  every  object  and  celestial  body,  etc.  Except  when  classifying  only 
larger  close-by  objects  (which  cm  be  practical  because  of  small  numbers),  the  num¬ 
bers  get  fantastic  to  sav  the  least.  Total  stars  to  6th  magnitude  number  approxi¬ 
mately  1-1/2  nerHegree2  but  total  stars  to  16th  magnitude  number  approximately 
2500  per  degree2.  Thua,  until  real  micro-atorage  catalogue  capacities  at  fantastic 
access  speeds  are  available,  this  technique  will  not  be  considered  practical  using 
computer  techniques.  It  la  on  the  other  hand  quite  practical  to  use  a  film  or  picture 
of  the  field  of  view  and  then  reference  it  for  a  catalogue  to  find  new  targets  by 
(1)  using  the  film  to  cancel  existing  stellar  objects  before  being  registered  on  the 
sensor  or  (2)  by  scanning  the  picture  arid  video  comparing  it  to  the  electronically 
scanried  sensor  present  view. 

3.  LOCATION  OF  OBJECT 

An  object  can  be  "depth"  separated  from  a  background  of  other  objects  by 
measuring  the  focus  plane  change  between  object  and  infinity  even  though  there  is 
no  relative  motion  during  the  measuring  period.  Here  we  are  using  the  basic  prin¬ 
ciples  of  lens  object  and  image  distances  as  a  function  of  focal  length:  —  the  focal 
length  does  not  have  to  be  exceptionally  long  either.  For  instance,  at  1500  inch 
focal  length  there  ia  an  easily  recognized  change  of  focus  plane  for  the  moon  (at 
240,000  miles)  and  the  stars  (at  infinity). 
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Practical  ranging  systems  based  on  this  principle  have  been  built  and  proven 
by  the  GE  Company's  Advanced  Electronics  Laboratory  at  Ithaca  (using  point  de¬ 
tectors). 

An  object  with  little  or  no  relative  motion  during  the  processing  time  period 
involved  can  also  be  "depth"  separated  by  use  of  maneuvers  of  the  observer  or  ob¬ 
serving  station.  The  maneuver  has  to-be  scheduled  accurately  or  known  accurately 
for  the  processing  system  to  distinguish  the  object  with  respect  to  others  and/or 
the  background  of  objects.  The  maneuver  can  be  aircraft  maneuvers,  space  vehicle 
maneuvers  in  case  of  an  air  or  space  borne  detection  system,  in  addition  to  pro¬ 
gram  ed  maneuvers  if  a  ground  based  system  is  used.  The  simplest  form  of  a 
ground-based  maneuver  system  is  a  fixed  earth  position  system;  the  earth’s  l'otation 
providing  the  maneuver.  In  this  case,  the  constant  earth  rotation  of  the  observer 
produces  a  displacement  that  generates  a  parallax  change  of  the  air  or  space  borne 
object  to  background.  When  at  or  near  the  equator  the  displacement  due  to  rotation 
rate  i-s  greatest,  but  above  70°  latitude  the  relative  displacement  decreases  rapidly 
and,  of  course,  is  zero  at  90°  (earth's  pole)  even  though  the  earth's  rotation  rate  is 
unchanged.  This  method  is  particularly  appropriate  for  space  probe  vehicles  travel¬ 
ing  in  celestial  space  and  is  one  of  the  simplest  to  implement  in  practice.  It  is  de¬ 
scribed  here  by  an  example; 
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Figure  1-1.  Parallax  Angle  of  an  Object  as  Changed  by  Earth's  Rotation 


Referring  to  Figure  1-1,  as  our  position  on  earth  moves  from  A  to  B  with  earth's 
rotation,  the  parallax  angle  of  an  object  (generally  appropriate  for  50,000  to  500,000 
miles)  changes.  For  one  hour,  the  lateral  vector  varies  from  approximately  500 
miles  to  1000  miles  (B-C  area)  back  to  500  miles.  Using  600  miles/hour  as  a  mean, 
this  Is  10  miles/minute  of  time.  Since  1 'sec' of  arc  is  1. 1  miles  at  moon  distance; 
then  10  miles  will  be  9 'sec  of  arc  change  in  1  min  of  time  at  240,000  miles. 
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Using  a  16"  F/15  telescope  at  cassegrain  focus  (240"  focal  length)  the  field  of 
view  is  approx.  20/min'or  20  x  60 'sec/600  lines  =  2 /£ecs/resolution  element. 

Since  the  minimum  occupation  of  a  faint  target  is  2  or  3  resolution  elements  and 
a  space  is  desired  between  successive  exposures  of  a  double  or  triple  exposed  photo¬ 
graph,  a  minimum  of  6  elements  must  be  traversed.  6  x  2'§ec'=  12 'sec'. 

Thus  a  minimum  of  12''secV'9  'sec'/min.  of  time  or  1-1/3  mins,  f  time  between 
exposures. 

Allowing  some  error  for  the  telescope  clock  track  error  (R.  A. )  (though  this 
usually  proves  to  be  almost  negligible)  and  some  error  due  to  vibration  and  system 
instability,  exposures  taken  approximately  2  to  3  mins,  of  time  apart  will  permit 
detection  and  discrimination  of  a  space  probe  (at  lunar  distance)  from  stars,  planets, 
asteroids.  This  spacing  will  also  eliminate  fast  moving  objects  (satellites  or  air¬ 
planes)  which  will  traverse  beyond  the  near  vicinity  in  any  min.  of  time  as  well  as 
be  in  a  different  direction  to  earth  axis  rotation. 

4.  MOTION  OF  OBJECT  TO  BACKGROUND 

When  the  motion  of  object  is  at  or  near  stellar  rates  (celestial  background)  the 
method  described  in  the  previous  paragraphs  is  best  suited,  however,  as  the  motion 
difference  to  stellar  background  increases,  several  other  techniques  will  give  us 
motion  detection  in  shorter  times.  The  simplest  of  all  is  motion  defined  "looks" 
when  the  exposure  is  long  enough  to  produce  blurring;  a  stretching  in  the  motion 
direction  and/or  trailing  effects  from  the  moving  target.  Figure  1-2  illustrates  this 
in  case  of  a  photograph  of  the  monitor  during  a  pass  of  the  Midas  satellite.  Here  the 
signal  on  the  monitor  was  not  blurred,  but  by  taking  a  long  exposure  of  the  monitor 
the  film  record  readily  distinguishes  the  moving  object. 

The  more  sophisticated  techniques  for  moving  target  identification  (MTI)  fall 
into  two  basic  categories: 

a.  Monocular  systems,  where  detection  of  a  change  in  position  with  respect  to 
background  pattern  is  dependent  on  a  time  interval  between  two  or  more 
separated  looks,  and  requires  image  storage. 

b.  Binocular  or  stereo  systems,  where  detection  of  position  difference  with 
respect  to  background  pattern  is  dependent  on  time  synchronized  "looks" 
from  two  or  more  equipments  separated  by  a  reasonable  baseline  (3D). 

The  binocular  or  stereo  is  sometimes  described  as  a  simultaneous  3D  MTI 
system,  though  it  should  be  noted  that  processing  time  is  still  involved  and 
thus  does  not  necessarily  have  any  distinct  advantage  ever  the  simpler  and 
less  expensive  monocular  systems. 

To  adapt  monocular  or  binocular  systems  for  successful  spatial  reparation 
between  object  and  background,  positive  position  separation,  is  required, 
either  through  time  or  baseline  separation,  for  passive  systems.  The  ex¬ 
tent  of  separation  needed  to  obtain  a  given  false  alarm  or  detection  proba¬ 
bility  depends  on: 

1)  Tolerances  and  stability  of  all  components  and  equipments  in  the  sys¬ 
tem  link. 
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Figure  1-2.  Midas  Satellite,  19:uv  10"  K.  S.T. ,  1/10  (12,  From  Cazenovia 
Test  Site  Near  Syracuse;  lojs  Line  Scan;  TT&H  5"  f/4  Remote 
Control  Zoom  Lens  Set  for  Approximately  12”  Local  Length; 
Approximate  Mount  Angles  (Az  27°,  El  1/2  sec  f/4. 7 
Polaroid  Film  Exposure  of  Monitor 
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2)  Relative  target  velocities  and  the  stability,  ar|d  motion  of  objects  in 
the  background  (planets,  asteroids,  comets  and  meteors)  as  read 
through  the  "seeing"  conditions  of  the  local  atmosphere  or  atmospheres. 

Range  measurements  in  a  single  sensor  system  can  be  obtained  by  measuring 
target  look  angle  versus  time  (assuming  the  target  is  orbiting  the  earth). 

A  multiple  station  (stereo)  system  can  be  used  just  for  separation  (star  cancel¬ 
lation),  with  the  only  available  information  being  target  look  angle  versus  time. 
However,  if  the  target  is  present  in  both  fields  of  view,  the  additional  information 
of  relative  target  angle  between  the  two  stations  can  be  used  to  find  range  directly 
from  one  time  image  by  triangulation. 

a.  Monocular  Systems 

In  case  of  monocular  systems  two  fundamental  approaches  are  generally 

considered: 

The  first  involves  making  a  film  catalog  (exposed  negative)  of  the  sky  at  the 
same  scale  as  the  electro-optical  system  by  using  same  optics.  After  developing 
the  negative  it  is  programmed  in  front  of  the  sensing  device  and  serves  to  cancel  the 
background  of  stars  catalogued.  Any  object  that  has  moved  significantly  from  the 
time  of  exposure  or  was  not  at  the  location  of  a  previous  image,  will  not  be  cancell  d 
and  thus  is  detected. 

Due  to  celestial  changes  from  day  to  day,  week  to  week  including  proper 
motions  of  stars  (the  stars  move  too  if  considered  over  longer  periods  of  time),  new 
negatives  will  be  needed.  All  moving  celestial  bodies,  comets,  planets,  asteroids, 
etc. ,  will  show  ss  moving  targets  depending  on  up-dating  of  negatives  and,  of  course, 
meteors  and  new  satellites  will  continually  need  to  be  accounted  for  to  reduce  the 
possibilities  of  panic.  Becnuae  of  the  actual  large  reduction  of  processing  capacity 
ts  possible  in  the  approach  over  one  not  Including  cancellation  of  "fixed"  objects  and 
stars,  studies  of  potentials  and  limitations  of  the  methods  were  initiated  some  time 
ago  on  a  OS-funded  program  and  pertinent  phases  have  been  implemented  to  evaluate 
the  method  by  actual  experiments.  To  date  some  successes  have  been  achieved  in 
addition  to  uncovering  new  problems  with  this  technique.  The  light  loss  due  ( >  film 
transmission  and  the  extra  relay  lens  needed  reduce  systems  performance;  prelimi¬ 
nary  data  Indicates  this  may  be  2  or  3  stair  magnitudes.  The  film  loss  itself  can  be 
reduond  or  nearly  eliminated  by  special  negatives  and  development  procedures. 

The  second  approach  registers  alt  objects  and  celestial  objects  and  trans¬ 
fers  the  entire  field  of  view  at  a  particular  Instant  to  a  storage  media  (storage  tube, 
delay  line,  drum,  film.  etc. ,  taps,  could  be  used  but  BW  capacity  might  limii  in 
oaae  of  a  high  performance  system).  A  few  seconds  (for  faster  moving  objects)  or 
a  few  minutes  (for  slower  moving  objects)  later,  a  second  view  of  the  same  field  of 
oelestlsl  sky  Is  compered  with  the  earlier  stored  picture  and  the  non- cancel  bid  ob¬ 
jects  displayed  and  Information  fed  on  for  processing.  This  is  thus  a  temporary 
cataloguing  system  using  a  delay  interval  suited  to  the  relative  motion  of  object  and 
observer. 

J(  A  complete  operating  MU  delay  interval  Electro-optical  system  using  a 

storage  tube  and  comparison  logic  h$s  been  built  and  tested  on  a  GE-funded  program. 
It  has  proven  quite  satisfactory  and  is  being  used  to  determine  component  tolerances 
and  stability  requirement  needed  for  a  production  prototype.  This  MTI  system  has 
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pointed  up  some  shortcomings,  some  of  which  can  be  completely  or  nearly  completely 
corrected  by  design  changes. 

A  variation  of  the  above  approach  uses  two  similar  (matched)  image  orthi- 
con  cameras  using  the  same  optics  through  a  bei  m  splitter  or  optical  switch  so  that 
one  I.  O.  is  exposed  but  not  readout  until  (t)  seconds  later  when  the  second  I.  O.  is 
exposed  and  both  are  readout  simultaneously  and  the  videos  compared. 

Further  details  and  variations  of  the  two  1.  O.  systems  are  covered  in 
Section  I-E  &  F. 

b.  Binocular  System 


A  brief  study  of  separation  (baseline)  distances  needed  for  various  altitude 
satellites  and  the  probable  equipment  tolerance  needed  for  adequate  recognition  is 
reported  in  Section  IV,  One  of  the  bigger  factors  is  the  atmospheric  stability,  as 
exemplified  by  the  photographs  in  Figure  1-3. 

Unless  some  of  the  system  and  equipment  tolerances  can  be  reduced,  the 
practicality  and  advantages  of  a  binocular  system  over  a  monocular  system  will  not 
necessarily  be  achieved. 

Several  attempts  to  take  simultaneous  stereo  photographs  of  the  ECHO 
satellite  from  Syracuse  and  Schenectady  encountered  weather  problems.  Since  the 
sites  involved  were  roughly  95  miles  apart  and  the  satellite  only  1000  miles  high, 
we  hoped  to  get  pictures  looking  over  each  other's  shoulders  to  effectively  reduce 
the  differential  pointing  angle.  Due  to  the  broken  cloud  weather  at  both  locations, 
only  a  few  simultaneous  frames  were  obtained  and  these  with  the  sate’.V'U  ;  ,arly 
overhead.  Consequently,  entirely  separate  star  backgrounds  were  photographed. 

Lack  of  targe  s  in  the  30,000  to  300,000  mile  range  will  make  observational  work 
difficult  for  simultaneous  3D  experiments  or.  targets  at  these  ranges.  This  is  the 
most  likely  range  for  practical  use  of  separated  sites,  whereas  time-lapse  single 
station  3D  requires  only  a  few  seconds  separation  for  ranges  below  30,000  miles; 
this  is  of  course  less  stringent  on  equipment  requirements. 

'  vO 

The  transfer  of  information  between  baseline  separated  sites  does  not  ap¬ 
pear  to  be  too  difficult.  The  complete  image  is  required  for  stereo  separation. 

With  modern  TV  microwave  links  the  full  or  nearly  full  bandwidth  information  can 
be  sent  quite  economically  where  security  will  not  restrict  its  use. 

Problems  In  the  film  cancellntion  method  (monocular  or  binocular)  include 
refraction  errors,  extent  of  cancellation  needed  (density),  optical  system  linearities, 
alignment,  electronic  stability,  motion  and  changes  in  motion  needed  for  orbit  pre¬ 
diction,  target  spreading,  storage  media  versus  sensor  equipment  linearities  and 
registration  stability,  etc. ,  in  addition  to  the  ever  present  data  output  format. 

Combinations  of  binocular  and  monocular  systems  can  provide  many  features 
of  both  and  increase  performance  limits  for  certain  applications.  Here,  however, 
careful  analysis  of  application  requirements  and  equipment  tolerances  must  be  made 
carefully  to  delineate  the  specific  conditions  for  Improved  performance;  otherwise, 
the  expenses  of  the  more  complicated  system  may  not  be  justified.  See  Section 
I-E  &  F, 
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B.  THE  CELESTIAL  ENVIRONMENT 


In  aero-space  surveillance  tasks  the  celestial  environment  is  the  background 
(content  and  variations)  against  which  the  target  or  object  is  to  be  detected,  separa¬ 
ted,  conPrined  and/or  tracked  and  in  some  cases  resolved.  It,  in  most  cases,  fur¬ 
nishes  the  illumination  of  the  object  (usually  the  sun),  see  Section  I-D,  and  the 
isolation  provided  by  the  shadow  of  the  earth  and  celestial  position. 

The  electro-optical  equipment  performance  for  detection  and  separation  of  an 
object  will  be  limited  by  the  background,  primarily  equipment  noise  and  sky  bright¬ 
ness.  We  are  concerned  with  both  day  and  night  conditions  when  observing  from 
earth  mounted  stations,  but  since  this  study  is  concerned  only  with  nighttime  opera¬ 
tion  we  will  limit  reporting  accordingly.  From  earth  orbiting  or  space  stations  m?  b 
other  factors  must  be  considered  but  this  is  likewise  beyond  the  scope  of  this  study 
and  report. 

Since  much  of  the  published  work  akin  to  the  celestial  environment  is  in  astro¬ 
nomical  and/or  photometric  literature,  special  note  is  included  here  on  basic  dera¬ 
tions  and  conversion  tables  before  continuing  with  the  detail  discussions  of  the  ode's 
tial  environment. 

1.  ASTRONOMICAL  AND  PHOTOMETRIC  TERMS,  LIGHT  SOURCES,  AND  VISION 

FACTORS 

a.  Astronomical  Terma 

1)  Stellar  Magnitude  (difference)  Am. 

Most  astronomical  data  and  calculationa  are  based  on  use  of  stellar  magni¬ 
tudes  differences.  These  are  aimllal'  to  the  decibel  scale  (db)  commonly  used  by  the 
engineer.  To  the  engineer  the  stellar  magnitude  difference  Am  =  (my  -  mx)  = 

2. 5  log  I*/Iy.  L  and  Iy  are  the  respective  intensities  of  two  sources  being  compared. 
In  another  form  !x/ly  -  10°- Thu*,  ths  jsteliar  magnitude  scale  is  seen  to  be  a 
compressed  db  scale.  To  the  aetronome^uiia  equation  is  used  in  the  form  (5  /  100)m 
=  Ix/Iy-  Thus,  the  stellar  magnitude  difference  Am  is  the  exponent  of  the  5  STtRT 
needed  to  equal  the  ratio  of  two  intensity  sources  with  positive  increasing  values 
indicating  fainter  sources. 

Stellar  Magnitude  Intensity  /lx\  Decibel 

Difference  (Am)  Ratio  lly  J  Scale  (db) 


1.0 

ac 

2.512 

*  2-1/2  ratio 

4 

2.0 

at 

o.31 

*  6-1/3  ratio 

8 

3.0 

s 

15.85 

%  16  ratio 

12 

4.0 

= 

39.  81 

^  40  ratio 

16 

5.0 

s 

100 

=  100  ratio 

20 

The  symbol  for  stellar  magnitude  difference  =  m.  The  subscript  v  is  added 
to  designate  visual  magnitude  (my),  the  subscript  p  designates  photographic.  To 
simplify  conversion  of  Intensity  Ratio  to  Stellar  Magnitude  differences  and  vice  versa, 
refer  to  Figures  1-4  through  1-7. 


Figure  1-4.  Conversion  Chart,  Intensity  Ratio  to  Stellar  Magnitude  Difference 
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STELLAR  MAGNITUDE  DIFFERENCE 

Figure  1-5.  Conversion  Chart,  Intensity  Ratio  vs  Stellar  Magnitude  Difference 
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Figure  1-6.  Conversion  Chart,  Intensity  Ratio  vs  Stellar  Magnitude  Difference 
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STELLAR  MAGNITUDE  DIFFERENCE 


Figure  1-7.  Conversion  Chart,  Intensity  Ratio  vs  Stellar  Magnitude  Difference 
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Magnitude  measurements  are  made  by  visual  observation,  photographic 
measurement,  and  photometric  measurement;  aiv  refers  to  magnitude  measured 
visually,  wavelength  peaked  at  5500A;  nip  refers  to  magnitude  measured  photo¬ 
graphically;  mpg  are  peaked  in  the  blue  region  (4500  -  4700^);  while  mpv  are  peaked 
in  the  visual  region  but  measured  photographically.  Photometric  magnitudes  are 
measured  in  any  of  6  or  more  wavelength  peaks,  depending  on  the  photometer. 

2)  Stellar  Magnitude,  apparent  (h)  m 

In  addition  to  stellar  magnitude  differences,  the  specific  brightness  value 
of  a  particular  object  can  be  measured  in  terms  of  the  stellar  magnitude  scale  (as 
5th  magnitude  star  =  5mpv  or  mpv  =  5).  This  is  simply  the  numerical  magnitude 
difference  referenced  to  a  zero  magnitude  source.  To  provide  for  the  variation  of 
brightness  with  distance,  the  designation  of  apparent  or  absolute  is  added.  Thus, 
the  apparent  stellar  magnitude  (x)  m  is  the  measure  of  the  brightness  as  observed 
in  terms  of  the  value  of  mx  =  2.  5  log  (Io/Ix)  with  respect  to  a  zero  steliar  magnitude 
source,  i.  e. ,  (mx  -  m0);  positive  increasing  numbers  indicate  decreasing  brightness 

3)  Stellar  Magnitude,  absolute  (h)  M 

The  absolute  stellar  magnitude  (h)  M  is  the  apparent  stellar  magnitude  (m) 
of  a  given  star  referenced  to  a  standard  distance  cf  10  parsecs  (pc).  A  parsec  is 
3.  0857  xio1^  cm  or  J.262  light  years  or  206,265  Astronomical  Units  (an  AU  being 
the  mean  earth  to  sun  distance). 

The  value  of  brightness  or  stellar  magnitude  may  be  in  terms  of  photovisual 
spectrum  response  (mpv),  Photographic  (mpg)  which  is  astronomical  film  Type  103 
a-n  response,  bolometric  (m^oi)  which  is  tne  black  body  spectrum  response  cui've, 
infrared  (mjr),  etc. 

The  specific  '  alue  of  brightness  of  an  object  or  source  of  zero  magnitude 
visual  spectrum  (0mv)  is  defined  as  a  source  of  brightness  equal  to  2.  43  X  it)- 10 
lumen/cm2.  If  we  use  a  visual  pass  band  filter  in  front  of  a  photon  counter  we  would 
collect  10^  photons  per  square  cm  of  receiving  aperture  per  second  of  time  from  a 
0mv  source.  Thus,  0mv  =  106  photons/cm2 /sec  and  15  mv  =  1  photon/cm2 /sec  with 
the  subscript  used  according  to  the  photon  collecting  element  and  filter  response 
band  used  (visual,  photographic,  bolometric,  etc. ), 

Star  brightness  values  are  often  referenced  as  measured  "outside"  the 
earth's  atmosphere  or  "inside”  the  atmosphere.  The  difference  is  the  absorption  of 
the  atmosphere  for  the  spectral  response  of  sensor  used  and,  of  course,  the  black 
body  source  temperature.  The  values  vary  from  author  to  author  as  well  as  including 
sensor  response,  and  average  around  85%  transmission  for  the  visual  spectrum  (see 
Section  I-C  for  more  detailed  values  for  other  responses).  An  apparent  visual  mag¬ 
nitude  of  0mv  is  the  same  whether  looked  at  on  the  earth  or  above  earth's  atmosphere 
but  the  irradiance  does  change,  thus  0mv  =  106  photons/  cm2/  sec  above  atmosphere 
but  is  only  85  percent  as  bright  (.  85  x  106  photons/cm2 /sec  at  earth's  surface  looking 
straight  up). 

Unless  otherwise  noted;  (1)  the  stellar  magnitude  values  are  generally  as¬ 
sumed  to  be  apparent  stellar  magnitudes,  (2)  the  word  magnitude  refers  to  steliar 
magnitude  unless  otherwise  noted,  (3)  the  abbreviation  sec.  or  min.  is  used  for 
seeond(s)  or  minute(s)  of  time  whereas  'sec',  or'mim  is  used  for  second(s)  or  min- 
ute(s)  of  arc  or  angle. 


b.  Photometric  Terms 


1 


Luminous  Flux  (F)  is  proportional  to  the  rate  of  flow  of  radiant  energy  and 
to  a  luminosity  factor  which  depends  on  the  spectral  distribution  of  that  energy,  and 
is  thus  determined  by  the  response  of  the  human  eye.  The  luminosity  factor  for  radia¬ 
tion  of  a  particular  wavelength  is  the  ratio  of  the  luminous  flux  to  the  radiant  power 
producing  it.  The  unit  of  luminous  flux  is  the  lumen  (lm)  or  the  luminous  flux  emitted 
by  one  international  candle-  through  one  sterad ian.  Thus  a  1  candle  power  source 
gives  off  47T  lumens  of  flux,  or  one  lumen  on  a  one  foot  square  area^at  one  foot  radius 
from  the  source.  One  lumen  of  maximum  visibility  radiation  (5550A)  =  1.47  x  io-2 
watts. 


Luminous  Intensity  (I)  or  candlepower  of  a  point  source  of  light  is  the  solid- 
angular  density  cf  the  luminous  flux  emitted  in  the  direction  considered:  it  is  the  flux 
per  steradian  in  that  direction,  I  =  dF/dw.  The  unit  is  the  new  candle  (cd)  or  candela 
or  the  lumens  per  steradian. 

International  Candle  has  been  the  standard  of  luminous  intensity  for  light 
sources  (especially  incandescent  lamps)  a  id  the  conventional  unit  (candle).  One  inter¬ 
national  candle  =  1.  019  cd  (candela  or  new  candle).  One  Hefner  candle  =  .  90u  cd. 

Note:  In  the  past  the  lumen  was  defined  in  terms  of  the  flux  from  a  candle. 

The  present  day  standard  is  a  brightness  or  luminence  of  a  black  body  at  freezing 
temperature  of  platinum  (2042°K)  with  a  standard  value  of  600,000  new  candles/meter  . 

Luminance  (B)  of  an  element  of  a  luminous  surface,  from  a  given  position, 
is  the  luminous  intensity  per  unit  area  of  the  surface  projected  on  a  plane  perpendi¬ 
cular  to  the  line  of  sight,  and  including  only  a  surface  of  dimensions  small  in  com¬ 
parison  with  the  distance  from  the  observer,  B  =  dl/dA  cos  9;  9  =  angle  between  plane 
and  line  of  sight.  The  conventional  units  are  the  candle/cm2  (or  stilb),  candle/in2, 
candle/ft2. 

The  luminance  of  any  surface,  in  a  specified  direction,  can  also  be  expressed 
ir,  terms  of  the  lumens  per  unit  area  from  a  perfectly  diffusing  surface  of  equal 
brightness.  Brightness  expressed  in  the  Lambert  System  is  obtained  by  multiplying 
by  7T ;  B  =  7rdl/dA  cos  9.  Thus,  units  are  now  Lambert’s  (l/n  candles/cm2)  and 
Foot- Lambert's  (l/TT  candles/ft2). 

Lambert's  law  surface  Alg  =  AIn  cos  9  candle/cm2,  so  B  -  AI/AA  =  a  con¬ 
stant,  independent  of  9. 

Brightness  Units  and  Conversion  Factors: 


Stilb  (sb) 
(c/cm2) 

c/in2 

c/ft2 

Lamberts 
(L)  _  _ 

Millilambert 

(ml) 

Foot- Lambert 
(ft-L) 

1.0 

6,45 

929.  0 

3.142 

3142.0 

2919.0 

0. 155 

1.0 

144.0 

0.48695 

487.0 

452.  0 

0.00108 

0.00694 

1.0 

0.0034 

3.381 

3.  142 

183.0 

2.054 

295.7 

1.0 

1000.0 

929.  0 

0.00032 

0.00205 

0.2957 

0.001 

1.0 

0.  929 

0.0003426 

0.00221 

0.3183 

0.001076 

1.0764 

1.0 

1  0mv  star  per  sq.  degree  outside  atmosphere  ■-  0.  82  x  10"6  sb;  1  0mv  star  per  sq. 
degree  inside  clear  unit  air  mass  =  0.  68  x  10-6  sb  (star  at  zenith) 
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Illumination  of  a  surface  (Illuminance)  (E)  is  the  luminous  fluxdensity  ove 
the  surface  or  the  flux  per  unit  area  of  intercepting  area  E  =  dF/dA.  The  practical 
units  of  illumination  are  the  lumen/ft2  (foot  candle),  lumen/cm2  (phot)  and  lumen/r 
(lux)  (meter  candle). 


Illuminance  produced  by  a  point;  E  =  I  cos  6/ r2,  where  r  =  distance;  Q  = 
angle  between  normal  to  surface  and  direction  of  source. 


Illuminance  produced  by  an  extended  source  of  brightness  B  (such  as  sun  < 
moon);  E  =  BA/a2  +  b2,  where  A  =  area  of  disc;  a  =  radius  of  disc;  b  =  distance  of 
disc. 


Illumination  Units  and  Conversion  Factors: 


Lux  (lx) 
(meter-candle) 


Phot  (ph)  ( 
(lumens/cm2) 


Milliphot 


Footcandies  (ft-c) 
(lumen/ft2) 


1.  0 

10000. 0 
10.0 
10.764 


0.0001 
1.  0 
0.001 
0. 0010764 


0.1 

1000.0 

1.0 

1.076 


0.0929 

929.0 

0.929 

1.0 


Quantity  of  light  or  luminous  energy  (Q)  is  the  integration  of  the  luminous 
flux  (F)  per  time  period  or  unit  of  time;  Q  =  j  F  dt.  The  unit  is  the  lumerg  (cgs), 
Talbot  (mks),  or  lumen-seconds  or  lumen-hours.  Where  small  quantities  of  light 
are  involved  the  units  are  expressed  in  photons  for  the  area  units  involved  as 
photons/cm2.  One  star  (mv  -  0)  =  10^  photons/cm2  of  lens  aperture,  for  every 
second  of  image  time. 


The  relationship  of  Illumination  (I)  incident  on  a  surface  and  Surface  Bright 
ness  (or  luminance)  (B)  is  dependent  on  the  reflectivity  factors  of  the  surface  or 
object  areas  involved  and  the  background  surface.  A  surface  having  one  lurnen/cm2 
of  Illumination  and  100%  reflectivity,  has  an  apparent  brightness,  of  one  lambert 
(radiating  over  a  hemisphere). 


Thus  Scene  Brightness  (B)  or  luminance  equals  Scene  Illumination  (E)  times 
the  scene  Reflectance  (R),  i.  e. ,  B  =  ER.  The  ratio  of  the  reflectivity  factors 
throughout  the  scene  (objects  to  background  of  scene)  is  defined  as  the  contrast  ratio 
and  thus  sets  the  ability  to  distinguish  or  resolve  features  of  the  surface  or  object. 
The  higher  the  Illumination  source  and  the  greater  the  contrast  ratios  involved,  the 
better  the  resolution  capability  (sharper)  to  distinguish  features.  By  geometric 
optics  the  pkotocathode  illumination  E,  in  foot  candles,  is  related  to  the  scene 
brightness  B,  in  candles/ft2,  and  for  object  distance  large  with  respect  to  focal 
length,  E  =  7TB/4  (f2)  where  f  is  the  f/number  of  the  optic  system.  (If  B  is  in  foot 
lamberts,  eliminate  the  It . ) 


c.  Light  Sources 
1)  The  Sun 


Mean  brightness  of  sun's  disk  outside  atmosphere  2.  08  x  10,J  stilbs  - 
6.53  x  10^  lambert.- 
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Apparent  brightness  1.4  to  1,6  x  105  stilbs  (c/cm2)  =  1.3  to  1.486  x  10® 
candles /ft2 

Candle  power  of  sun  =  3. 17  x  1027  cl 

Light  flux  outside  earth  atmosphere  at  mean  solar  dist.  E  =  14. 14  phot 
Solar  Luminosity  3.  86  x  102®  watts 

Solar  radiation  emittance  at  suiTace  F  =  6.  35  x  1019  erg  cm"2  sec_:1- 
Solar  magnitude,  (apparent)  mpg  =-26.41,  (absolute)  Mpo-  =  5. 16 

mpv  =  -26.  86  MpV  =  4.71 

mboP"26-95  Mbol  -  4.  62 

color  index  =  Mpg  -  Mpv  =  mpg  ~  mpv  =  0.45 

Spectral  type  G-2  =  dwarf  star  with  6000°K  (10,000°F  surface  tempera¬ 
ture)  (internal  temperature*' 15  million0  K) 

Total  solar  radiation: 

solar  constant  (flux  of  total  radiation  received  outside  of  earth's  atmos¬ 
phere  per  unit  area  at  mean  sun-earth  distance)  - 

1.97  (cal/cm2)/min  =  1.374  x  i()6  (erg/cm2)/sec 

mean  radiation  intensity  of  sun's  disk  (F)  -  2.  02  x  1019  ergAm2/sec/ 
sterad. 

Size  (mean)  30  mins. 

2)  The  Moon 

Apparent  brightness  ?.  54  x  10-1  stilbs  =  2.  36  x  102  candles/ft2 

Lunar  Magnitude  full  moon  -12.2nw 

P& 

quarter  moon  -11 . 4mpg 

earth  illuminated  -2.0mpg 
size  (mean)  30  mins. 

Moonlight  (clear  night)  brightness  =  1.61  X10“7  stilbs  =  1.5  x  10-* 
candles/ft2 

Moon  Aureole  brightness  (see  also  Figure  I- 12  A  and  12B)  up  to 
2  x  10"5  stilbg 

Normal  sky  brightness  (total  sky  average)  (see  also  Figure  1-9) 

5  x  io~4  stilbs  (Allen) 

d.  Human  Vision  Factors 

The  human  eye,  plus  the  associated  portion  of  the  brain,  provides  the 
means  for  seeing. 

Human  vision  and  interpretation  affect  electro-optical  equipment  and/or 
system  performance  when  eye  viewing  monitors  or  using  vision  as  a  comparison 

°rfeva!uation  measui’fc''  The  spectral  response  of  the  human  eye  is  basic  to  the 
definitions  of  many  photometric  terms  (Section  I-l-b). 
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In  addition  to  its  ability  to  accommodate  a  large  variation  in  brightness,  the 
pupil  size  of  the  human  eye  can  be  adjusted  from  about  8mm  opening  to  2  mm  there¬ 
by  further  extending  its  range.  For  daytime  or  cone  vision  its  range  varies  from 
10+3  (max  scene  brightness  readily  accommodated)  to  10-3  ft  lamberts. 

In  addition,  if  allowed  to  adapt  itself  to  dark  scenes,  low  ambient  light 
levels;  visual  purple  regenerates  in  about,  i/2  hour,  and  the  detection  ’imit  is  ex¬ 
tended  by  a  factor  of  about  1000  to  10"3  ft  lamberts  for  rod  or  night  vision.  In  ad¬ 
dition  to  increased  sensitivity,  there  is  also  a  shift  toward  blue  of  the  spectral  re¬ 
sponse  of  the  "dark  adapted"  eye.  See  Figure  1-8.  ^ 


Response  Curves  of  Human  Eye,  Normal  and  Low  Light  Level  (  Dark 
Adapted) 
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Figure  I-&1:  Relative  Lunu- 
osity  Carve  for  the  Standard 
Observer;  Scale  at  Left,  Rel¬ 
ative  Luminosity;  Scale  at 
Right,  Luminous  Efficiency 


Figure  I-ESB:  Relative  Lu¬ 
minosity  Curves  Under 
Conditions  of  (a)  subdued 
lighting  (dark  adapted)  (b) 
good  lighting  (daytime 
vision) 


Figure  1-8*  Eye  Response  Curves 


The  "grey  level"  of  any  portion  of  the  field  of  view  of  the  eye  is  set  by  the 
scene  brightness  in  that  area.  The  eye  measures  grey  scale  or  variations  of  bright¬ 
ness  by  scanning  or  vibrating  to  detect  a  variation  of  light  intensity  on  adjacent  rods 
or  cones.  This  is  much  like  the  function  of  a  chopper  and/or  reference  source  in  a 
point  detector  system.  The  amplitude  of  this  vibration  varies  depending  on  the  ex¬ 
tent  of  the  image  or  edge  being  read.  The  frequency  has  been  determined  experi¬ 
mentally  to  be  approximately  130  cy/sec. 


(1)  F.  W.  Sears,  Optics  Addison-Wesley  Publishing  Co. ,  Inc. ,  Reading, 
Mass,  5th  printing,  1958. 
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If  the  eye  is  subjected  to  total  darkness  anu  allowed  to  become  dark  adapted, 
it  begins  to  see  "grey"  and  sometimes  other  weird  effects.  What  is  actually  happen¬ 
ing  is  the  gain  is  turned  up  until  the  system  "noise"  is  read  in  the  output,  then  re¬ 
adjusted  and  tried  again  always  looking  for  the  faintest  recognition  of  some  incoming 
photons. 


The  luminance  am  it  of  color  perception,  with  daylight  (cone)  vision  associ¬ 
ated  with  the  fovea  region,  is  10-8  it.  lamberts.  Night  (rod)  vision,  associated  with 
the  parafovea  region,  has  ac  color  perception. 

Scene  Brightness  or  Luminance  needed  for  various  conditions  of  human 

vision: 


10^  foot  lamberts  -  max  acceptable  scene  brightness 
10 -J-  foot  lamberts  -  needed  for  color  contrast  recognition 
10-“  foot  lamberts  -  needed  for  color  perception 
10 foot  lamberts  -  daylight  vision  minimum 

10 -6  foot  lamberts  -  lower  scene  brightness  threshold  of  dark-adapted  eye 

Range  of  scene  brightness  accepted  by  eye  is  one  billion  (10-6  to  1 0'3)  foo,. 
lamberts. 

The  resolving  power  of  the  eye  is  its  ability  to  produce  separate  images  of 
close  objects.  The  retina  of  the  eye  consists  of  a  large  number  of  light  sensitive 
elements,  the  rods  and  cones,  each  having  a  spacing  between  centers  of  0.001  to 
0.  003  mm.  Each  rod  and  cone  produces  a  separate  visual  sensation  in  the  brain. 
Thus,  two  image  points  reaching  a  single  rod  or  cone  will  be  judged  as  one  by  the 
brain.  Since  the  image  of  the  two  points  are  two  different  disks,  they  must  be  sep¬ 
arated  by  a  distance  equal  to  the  width  of  a  rod  or  cone  in  order  to  be  distinguished 
as  two  separate  points. 

Thus  the  resolving  power  =  1  min. 

Storage  time  or  exposure  time  of  the  eye  -  0. 2  seconds 

Normal  pupil  diameter  =  6-8  mm  dark  adapted,  2-4  mm  day  vision 

Diameter  of  the  eye  =  25  mm  filled  with  fluid  of  n  -  1.33 

Quantum  efficiency  of  the  eye  =  10%  max -dark  adapted 

Visibility  (snectral)  bandwidth  about  1068  A  peaked  at  5550 A  for  day  vision 
and  at  515oA  for  night  vision. 

Relative  visibility  factor  (KX)  for  Normal  (visual)  Brightness  (5  *  10-4 
stilb  or  greater)  photopic  vision. 

The  Photopic  Curve  (International)  (for  Cone  vision  at  fovea)  See  Figure  I- 
8 A  (day  vision). 
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2.  SKY  BRIGHTNESS,  MOONLESS  NIGHT 

The  "night"  includes  the  period  of  the  night  between  the  twilight  hours  (defined 
as  the  period  from  sunset  to  time  sun  is  18°  below  Horizon  and  again  from  18°  be¬ 
low  Horizon  to  sunrise).  The  standard  sky  brightness  figure  for  an  "astronomically 
clear"  moonless  night  usually  quoted  in  astrophysical  literature  is  equivalent  to  one 
22.  5  visual  magnitude  star  per  square  second  of  arc  as  observed  at  Mt.  Wilson,  or 
simply  22. 3  mv/sec2.  Since  Mt.  Wilson  is  approximately  5,900  ft.  above  sea  level 
and  often  has  particularly  clear  and  stable  sky  conditions,  this  value  will  not  nor¬ 
mally  be  attained  for  other  locations. 

Different  astronomers,  observers,  and  researchers  express  the  sky  brightness 
in  different  manners.  For  instance,  Allen (2)  gives  total  brightness,  zenith  mean 
sky  as  400  tenth  magnitude  stars  per  square  degree  (visual).  This  is  equivalent  to 
21.  27  mv/sec2. 


400  -  6.  51  m 

10th  mag  =  +10  •  m 
degrees2  to  “sec2  -  +17,  78  m 

21,27  mv/sec2 

Z'  "\ 

Mitral)  gives  a  figure  of  0,  045  first  mag.  stars/sec2  which  is  22. 15  mag/ sec2 
but  from  the  context  of  his  discussion,  it  would  seem  reasonable  that  he  meant 

(2)c.  \V.  Allen,  Astrophysical  Quart! 4U;°>  Oxford  University  Press,  1955. 
(2)S.  K.  Mitra,  The  Upper  AthiUiphorO/  Asiatic  Society,  Calcutta,  1952. 
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zero  magnitude  stars,  which  is  the  more  normal  expected  reference.  This  then 
would  give  21. 15  mag/sec2. 

.  045  +  3.37  m 

degrees2  to  sec2  =  +17.  78  m 

21. 15  my/sec2 

DoleW  quotes  an  average  brightness  of  the  clear  moonless  night  sky  as 
2  x  io-8  candles/ cm2.  This  is  approximately  21.  6  mv/sec2.  He  does  not  mention 
his  source. 

From  the  foregoing,  for  calculation  purposes,  the  sky  viewed  from  a  low  alti¬ 
tude  (near  sea  level.)  point  can  be  assumed  to  be  about  21  to  21-1/4  mv/sec2  and  up 
to  22-1/2  my/sec2,  if  higher  elevations  are  to  be  selected.  See  also  reference'5). 

Caution:  If  the  lens  and  sensor  combined  resolution  (see  Section  II-A)  does  not 
resolve  one  square  second  of  arc  but  rather  a  larger  value,  then  the  brightness 
must  be  increased  by  the  ratio  of  the  larger  area  fo  one  square  second.  Values 
smaller  than  one  square  second  of  arc  should  not  be  used  where  earth's  atmosphere 
is  involved.  (See  Section  i-C  on  atmospheric  effects. ) 

Of  course,  any  contemplated  sites  should  be  surveyed  carefully  and  actual 
background  values  measured,  since  the  condition  and  reflectance  of  the  surrounding 
terrain  (topographical  conditions,  existence  of  nearby  hills,  mountains,  plains, 
deserts,  type  of  vegetation,  season  of  year,  etc. )  local  weather  conditions,  as  well 
as  nearby  communities  and  cities,  will  affect  the  brightness  and  sky  glow  conditions. 

3.  SKY  BRIGHTNESS  GRADIENT  (MOONLESS  NIGHT) 

Since  we  will  be  working  it  angles  other  than  zenith,  we  need  to  derive  some 
representative  figures  for  other  elevation  angles  or  as  the  astronomers  say,  "alti¬ 
tude".  Referring  to  the  astronomical  references  and  reducing  the  values,  less  the 
resolved  star 3,  and  drawing  a  smooth  curve  thru  the  results,  we  have  Figure  1-9 
for  the  plot  of  the  means  (the  value-'  re  fainter  for  the  celestial  pose  areas  and 
brighter  if  at  the  celestial  equator). 

30°  -  21. 13  my/sec2 

25°  =  21.03  my/sec2 

20°  =  20.  91  mv/sec2 

15°  =  20. 78  m v/sec2 

10°  -  20.  6  my/sec2 

NOTE:  Elevations  below  15°  should  not  be  considered  unless  sufficiently 
away  from  inhabited  areas  so  that  local  sky  glow  is  insignificant. 


(4) Dole,  Visual  Detection  of  Light  Sources  Near  the  Moon,  RM  1900  ASTIA 
#AD133032. 

(5) D.  J.  LaCombe,  The  Brightness  of  the  Clear  Sky,  G.  E.  Co.  Report 
#TIS  R63EMH1. 
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Figure  1-9.  Approximate  Values  for  Average  Sky  Brightness  (Mag/sec2  vs 
Elevation  Angle  Above  Horizon,  Moonless  Night) 


4.  SKY  BRIGHTNESS  COMPOSITION  (MOONLESS  NIGHT) (3) 


The  sky  brightness  Includes: 

Starlight  and  scattered  starlight  30% 

Galactic  light  5% 

Zodiacal  light  15% 

Air  glow  40% 

Scattered  light  from  the  last  three  sources  10% 


The  above  table  shows  that  about  60%  to  50%  of  the  total  light  is  from  parts  of 
the  sky  where  a  star  is  not  being  seen  by  a  single  or  adjacent  resolution  element. 
The  other  40%  to  50%  is  from  brighter  resolved  stars  or  celestial  formations.  (The 
values  vary  depending  on  proportion  of  stars  being  resolved.  The  more  stars  re¬ 
solved,  the  less  light  left  in  the  unresolved  sky. ) 


(3)S.  K.  Mitra, 


sr  Atmosphere,  Asiatic  Society,  Calcutta,  1952. 
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Photographic 


NIGHT  SKY 
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400 
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Spectral  distribution  mean  sky  intensity  is 
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Zodiacal  light  is  the  cone  of  faint  light  elongated  in  the  direction  of  the  ecliptic 
(sun's  path);  the  base  and  strongest  light  covers  about  20°  at  the  horizon  and  fades 
away  at  60  to  80°  from  base.  Best  seen  on  the  western  horizon  after  sunset  and  on 
the  eastern  horizon  before  sunrise,  it  is  caused  by  small  particles  and  inter-stellar 
dust  reflecting  sunlight.  About  15  percent  of  the  zodiacal  light  is  polarized  whereas 
only  2  to  4  percent  of  the  night  sky  is,  and  the  planes  of  polarization  of  both  pass 
through  the  sun.  This  fact  is  the  basis  for  polarization  filters.  However,  unless 
the  filter  efficiency  is  high  (low  absorption),-  little  if  any,  improvement  results. 

15  percent  of  15  percent  =  2-1/4  percent  of  sky  light  which  constitutes  the  polarized 
light  portion.  This  could  be  15  percent  if  looking  directly  at  zodiacal  light. 

Zodiacal  light  in  terms  of  10th  magnitude  stars/degree2  for  various  elevations: 

10°  20°  30°  40°  50°  60°  70°  90°  110°  130°  150°  170°  180° 

20K  4K  1.5K  900  600  450  330  210  150  130  140  170  200 

Galactic  light  is  the  light  from  the  Milky  Way  scattered  bv  inter-stellar  dust. 

It  varies  from  a  maximum  value  of  57  10th  mag  stars/cfegree2  at  the  galactic  equator 
to  about  8  at  32°  galactic  latitude.  The  total  contribution  to  night  sky  is  about  5 
percent. 

Air  Glow  causes  the  largest  non-resolved  area  light.  This  consists  primarily 
of  lines  and  bands:  prima  iy  atomic  lines  at  5577A,  6300,  6363.  5890  and  J896A, 
and  bands  4-5000A  and  7-9000A  (Na)  and  10440A  (OH)  and  3-400A  (O2). 

Under  conditions  of  extensive  air  glow  and  haze,  filters  might  be  used  ahead  of 
the  sensing  element  to  reduce  the  sky  brightness  saturation  and  to  recover  a  rortion 
of  the  lost  performance.  When  the  air  glow  is  primarily  in  the  5577  abd  6300A  lines, 
interference  filters  will  be  very  effective  in  reducing  its  brightness,  but  the  improve¬ 
ment  is  limited  as  the  objects  or  targets,  having  the  sun  as  an  illuminator,  will  be 
filtered  as  well.  (See  Section”l-C) 

Total  starlight  from  whole  sky  =  490  mpv  =  Om  stars  =  9. 2  x  10-5  ft  candles 

candles  »  21  mv/6ec2  =  250  mpg  =  Om  stars 
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Typical  values  for  Night  Sky  Brightness  in  terms  of  number  of  10th  magnitude 
stars/degree2  are  shown  in  the  following  Table: 


Star  light  in  each  magnitude  interval  m+l/2 
of  mean  10th  mv  stars/deg“. 

to  m-l/2  in  equivalent  numbers 

mpv 

Galactic 

Equator 

b-oo 

Galactic 

Pole 

b-90° 

ni  eanpo- 

meanpv 

0 

.7 

.  3 

.  5 

.8 

1 

1.3 

.6 

.8 

1.3 

2 

2.0 

.8 

1.  3 

2. 2 

3 

3.0 

1.  0 

1.  7 

3.0 

4 

4.0 
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2.  1 
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5 
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2.  5 

5.0 

6 
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7 
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8 
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2.0 

3.  5 

6.8 

9 
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7.4 

10 

11.0 

1.9 

4.  1 

8.7 

11 

12.6 

1.7 

4.6 

8.  7 

12 

13.8 

1.5 

4.6 

9.3 

13 

14.1 

1.2 

4.6 

8.9 

14 

14.4 

.9 

4.4 

8.5 

15 

14.1 

.6 

3.9 

8.  1 

16 

11.5 

.5 

3.5 

6.9 

17 

11.0 

.3 

2.9 
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18 
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.2 

2.1 
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19 
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.  1 

1.3 

2.6 

20 

3.1 

.1 

1.0 

1.8 

21 

5.0 

.6 

4.5 

1.2 

21.5 

.8 

1,5 

TOTAL 

180 

22 

61 

119 

5.  STAR  TYPES  AND  COLOR  INDEX 

Star  type  is  a  method  of  classification  of  stars  by  their  spectra.  Originally 
there  were  4  types,  I  through  IV,  and  then  V  and  VI  were  added.  The  spectral 
classes  (temperature)  now  universally  adopted  is  the  ''Harvard"  (Draper)  classifi¬ 
cation.  It  classes  stars  O,  B,  A,  F,  G,  K,  M,  plus  types  R,  N,  branching  off  at 
G,  and  S  at  K5  or  Mo.  The  region  between  any  two  letters  is  divided  in  tenths:  thus 
B3A  is  a  star  type  3/lOths  of  the  way  from  B  toward  A,  etc. 
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A  and  K  stars  are  most  common  in  the  Milky  Way.  Early  and  Late  type  stars 
denote  Types  B-A  and  K-M,  respectively,  following  the  assumptions  that  Type  I  was 
the  youngest  and  Types  III  and  IV  the  oldest  before  Giants  and  Dwarf  stars  (in  the  M 
region  or  late  K)  were  discovered.  Early  stars  have  few  absorption  lines,  mostly 
ionized  Hydrogen.  Late  stars  have  many  lines  (iron  and  other  metals). 

Color  index  is  the  difference  in  stellar  magnitudes  between  photographic  (mpg) 
and  the  photometric  or  photovisual  (mpV)  magnitude.  The  visual  index  is  usually 
the  greater.  Color  index  of  the  night  sky  -  mpg  -  mPy  -  +0.  5.  By  definition,  the 
color  index  of  Ao  stars  -  O  (white)  so  blue  stars  are  -  and  red  stars  are  +. 

Types  B2-B3  are  white;  AO  pure  yellow,  K2  orange  yellow;  MO  orange;  R  orange 
red;  Nc  deep  orange  red.  Of  the  225,000  stars  to  about  10th  mag,  20,000  are  simi¬ 
lar  to  our  sun.  95%  of  these  are  within  3000  light  years  of  us. 

Our  sun  is  a  dwarf  G2  star. 

6.  STAR  DENSITIES  AND  DISTRIBUTION 

The  stars  are  distributed  very  heavily  along  the  galactic  equator  due  to  the 
Milky  Way  and  sparsely  at  the  poles  with  a  fairly  random  fluctuation  of  densities 
between.  See  Figure  1-10. 

Star  counts  seen  by  Electro -Optical  equipment  are,  of  course,  dependent  on 
the  response  of  the  sensing  surface  or  film  and  filter  used  as  well  as  color  of  the 
stars.  Since  the  S-10,  S-20,  and  S-l  photocathode  responses  extend  into  the  near 
infrared  region  (S-10  to  .78  micron,  S-2l>  to  .85  microns,  S-l  going  to  1. 1  +  mic¬ 
rons)  the  count  of  stars  in  these  regions  will  be  higher.  But  since  these  photo - 
cathodes  do  not  in  general  cover  below  3100A  where  astronomical  film  type  103a-Q 
is  still  sensitive,  the  star  counts  here  will  be  lower  than  with  film.  Alsu  since  the 
larger  counts  involve  stars  of  higher  temperature  (blue)  the  star  counts  when  using 
Image  Orthicons  will,  in  general,  be  lower  than  astro  counts  by  a  factor  of  2  or  3, 
even  considering  the  higher  counts  of  the  Red  and  IR  stars  (older  stars).  Another 
factor,  the  fainter  stars,  individually  do  not  take  up  as  many  resolution  elements, 
so  the  total  field  occupancy  in  practice,  will  be  less  than  expected  from  astrophysi- 
cal  data. 

Stars  are  always  point  sources:  however,  due  to  atmospheric  perturbations, 
they  always  appear  to  be  one  sec2  or  more.  For  the  same  reason  two  stars  must 
be  separated  by  more  than  one 'sec' to  be  resolved. 


Hunters  Represent  Variat 
As  Log  of  Multiplier  -  1 

Figure  I-J 


!* 

i  Averages  in  Terms  of  Hundredths 
+  30  -  .30  log  N  N  -  2  -  Multiplie 
density  Distribution  Chart 


Star  Numbers 


Nm  -  number  of  stars  per  degree-  brighter  than  magnitude  m  l'or  mean 
galactic  latitude  0-90° 


m 

Photographic 

Visual 

0 

.  0000501: 

1 

. 0002512 

2 

.0009120 

. 0009772 

3 

.002512 

. 003548 

4 

.007762 

. 01288 

5 

. 02344 

. 06981 

6 

. 07244 

.  1175 

7 

.2042 

.  3467 

8 

.  5623 

1.  000 

9 

1.  549 

2.818 

10 

4.  169 

8.  138 

11 

11.22 

21.88 

12 

28.84 

58.88 

13 

74.  13 

147.  9 

14 

182.0 

363.  1 

15 

416.  9 

891.3 

16 

955. 0 

1995 

17 

2138 

4365 

18 

4365 

9120 

19 

7943 

15, 850 

20 

14,790 

28, 180 

21 

25, 120 

Total  stars  to  6th  magnitude  (approx  1  1/2  per  degree-) 

Total  stars  to  16th  magnitude  (approx  2500  per  degree-) 

Figure  1-11$)  summarizes  star-count  data. 

one  (mijoi  =  O)  star  2,27  x  10-5  erg/cm-  sec  outside  earth's  atmos¬ 
phere 

one  (my  -  O)  star  =  2.43  *  lO-^  phot.  2.43  x  10"$  lux  outside 
earth’s  atmosphere 

one  (mv  -  O)  stfr/degree^  -  0.81  x  io-6  stilb  2.55  x  io-6  lambert 
outside  atmosphere 

0.68  x  io-6  stilb  2. 17  x  10-6  lamberts 
inside  clear  unit  air  mass 


(°)Ti;umpler  &  Weaver,  Statistical  Astronomy. 


1-27 


1—28 


uliiMieftJtti 


Variation  from  observer  to  observer  runs  2  to  1,  with  the  larger  variations 
primarily  in  the  southern  hemisphere.  Thus,  for  southern  installations,  special 
note  should  be  taken  if  the  performance  expected  is  to  be  guaranteed.  Star  counts 
from  astro -physical  literature  can  be  considered  too  large  when  considering  the 
MgO  Image  Orfhicon  with  S-10  or  S-20  photocathode  as  a  sensor.  Because  oi  this 
the  total  resolved  stars  and  total  field  occupancy  factors  will  be  amazingly  low  for 
long  focal  length  optics  in  relation  to  published  data. 

Of  course,  star  clusters,  nebulae,  etc. ,  will  make  observations  impossible  in 
certain  areas  of  the  sky;  i.e.  ,  M3 1,  the  great  nebulae  in  Andromeda,  covers  an 
area  of  almost  two  square  degrees  and  is  4.S  mag.  total.  The  Milky  Way  will 
severely  limit  highly  sensitive  systems  in  that  portion  of  the  sky.  To  keep  the 
saturation  levels  manageable,  special  precautions  should  be  taken  and  the  systems 
should  be  examined  for  lost  performance  with  backgrounds  as  bright  as  18th  mag/ 
sec-  of  arc  —  (attained  also  on  full  moon  night  even  though  at  considerable  distance 
from  moon  and  Milky  Way)  if  Milky  Way  is  to  be  worked. 

7.  MOVING  CELESTIAL  OBJECTS 

The  celestial  environment  consists  of  many  objects;  (planets,  asteroids,  comet'-, 
meteors,  etc.),  which  move  with  respect  to  the  more  generally  "fixed"  stars.  No 
stars  are  really  fixed.  All  change  (have  "proper  motion")  over  the  years.  This 
must  be  recognized  and  treated  accordingly  especially  when  using  techniques  in¬ 
volving  Moving  Target  Identification  (MTI)  methods.  Since  the  MTI  techniques  mat 
be  selected  to  resolve  objects  with  very  small  diflerential  motions  with  re.-pcct  t  > 
the  general  stellar  background,  the  extent  of  "infinite”  distance  (3D)  background  will 
vary  with  the  application.  Even  medium  focal  length  optics  (60"  or  more)  will  re¬ 
solve  the  closer  planets  and  comets  for  even  relatively  short  time  internals. 

A  priori  knowledge  will  help  account  for  the  more  prominent  objects  (solar 
planets,  the  brighter  catalogued  comets);  but,  since  even  the  brighter  repeating 
comets  (6th  Mag.  or  brighter)  are  not  catalogued  completely,  comets  can  represent 
undesired  tai'gets  and  cause  false  alarms.  A  like  situation  occurs  with  asteroids. 
Meteors  are  only  catalogued  as  "showers",  so  they  will  always  be  with  us  as  un¬ 
identified  targets! 

a.  Stars  -  Proper  Motion 


Some  stars  have  apparent  angular  motion  on  the  star  sphere  at  right  angles 
to  the  line  of  sight.  It  is  found  by  comparing  the  star’s  present  position  with  its 
position  many  years  (centuries)  earlier;  precession,  nutation,  parallax  and  aberra¬ 
tion.  being  allowed  for.  Normally,  proper  motions  are  a  few  seconds  oi  arc  per 
century  but  some  have  proper  motion  of  several  'secs,  per  year.  For  example: 
m  9. 4,  Barnard's  Star  in  Ophiuchus,  moves  10  Sec/yr.  (Location  [19.10.0]  17" 
65m  a;  +4°  33'  y)  See  glossary  for  celestial  coordinate  discussion. 

b.  Variable  Stars 


The  variable  stars  will  effect  performance  if  brightness  variation  is  part 
of  an  MTI  method.  However,  the  time  constant  of  star  brightness  variation  is 
usually  long  with  respect  to  the  detection  system  and  is  thus  of  little  concern.  Posi¬ 
tion  variation  of  certain  variable  stars  likewise  must  be  considered  with  certain 
MTI  methods.  Thus  a  star  catalogue  or  film  taken  today  may  not  be  entirely  useful 
next  week.  For  example,  the  time  constant  of  Cepheid  variables  are  m-  low  as  1  day 
or  less. 
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c.  Cornets 

Ther**  -»sre  abc  it  40  comets  per  year  brighter  than  9-ltjth  Mag,  with  no 
estimate  available  ior  lain  ter  ones,  and  several  are  generally  in  the  sky  at  the  same 
time.  Their  angular  rates  vary,  but  are  usually  low  for  most  of  their  traverse. 
However,  at  their  higher  rates  they  w*Il  be  detectable  by  longer  focal  length  system 
even  in  relatively  short  time-1  ipse  periods.  It  is  estimated  that  between  one  comet 
per  day  and  one  per  week  would  be  detectable  in  the  entire  sky.. 

d.  Asteroids 

There  are  appro. \ima tel v  10y  asteroids  ot  16th  magnitude  or  brighter.  Tht-i 
motion  will  average  i/3  to  1/3  degree  per  day,  although  some  at  times  move  10 
times  this  figure.  Mean  appearance  and  disappearance  rates  wilt  be  1U0  per  day, 
with  the  number  in  the  sky  visible  to  a  16th  magnitude  det  ctor  at  any  one  time  bei  -!r 
10ii  to  10^.  Tor  a  3U  -  6°  field  this  is  about  one  per  hour.  The  majority  of  the 
known  asteroids  are  in  the  region  between  Mars  and  Jupiter. 

e.  Meteors 


_____ _ ____  In  the  .‘i  to  10th  magnitude  range,  there  are  approximately  1  4  to  3.3  per 

degree"  per  hour  during  non-shower  periods.  (Fainter  meteors  would  be  moving' 
too  fast  to  alarm  for  ill  ordinary  variations  of  aperture  and  field  of  view  tradeoffs 
that  we  expect  to  use.)  On  meteor  shower  nights,  the  numbers  increase  from  10 
to  100  times.  The  following  tabulation  lists  the  common  re -occurring  showers  and 
rates. 


Meteor  Showers 


Name 

Quadrantids 

Lyriicls 

Eta  Aquarids 

Delta  Aquarids 

Piscid  Australids 

Perseids 

Giacobinids 

Orionids 

Taurids 

Leonids 

Andromedids  (Biel ids) 
Gem  in  ids 

Dec  Orsids  (Bee  Var) 
ArieticM 
Zeta  Perseids 
Beta  Taurids 


Max. 

Date 

Normal 

Duration 

Dates 

Jan  3 

2-4 

Apr  21 

20-22 

May  5 

3-10 

July  28 

24-6 

July  29 

26-5 

Aug  12 

1-20 

Oct  9 

9 

Oct  20 

J.5-26 

Nov  7 

025-25 

Nov  15 

11-20 

Nov  23 

18-26 

Dec  12 

9-14 

Dec  22 

21-22 

June  7 

M30-JI4 

June  7 

2-13 

July  1 

20-10 

Hourly  Associated 
Rates  Con  T 

30 

10  1861 

13  Halley 

30 

50  1862  III 

1933  III 
16  Halley 

6  Encke 

10  1866  I 

1  Bieia 

50 
12 
60 
40 
24 
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Meteor  Rftes 


Magnitude 
(m±  .  5) 

Log  N 

N 

(Whole  Earth) 

Single 

Observer 

10°  Field 

(24h) 

10°  Field 
(Per  Hour) 

-5 

3.65 

4.4  >■  103 

4 , 4  x 

10"  2 

4.4  x 

10 -4 

1.8  x  10-5 

-4 

4.05 

1. 1  x  104 

1.  1  v 

10-1 

1.  1  X 

IO*3 

4.6  ‘  10-5 

-3 

4.45 

3.6  x  104 

3.6  x 

10-1 

3.6  x 

IO'3 

1.  5  -  IO'4 

-2 

4, 85 

7.2  x  io4 

7.2  x 

10-1 

7.2  « 

IO'3 

3.  0  x  io-4 

-1 

5.25 

1.8  x  i05 

1.8 

1.8  x 

IO'2 

7.5  *  IO-4 

0 

5.  65 

5. 1  x  105 

5. 1 

5.1  x 

10-‘2 

2.  1  x  io-3 

+1 

6.  05 

1.  34  x  io6 

1.3  x 

10 

1.3  » 

IO'1 

5.6  x  io-3 

+2 

6.45 

3.  55  >  106 

3.6  x 

10 

3.6  x 

io- 1 

1.5  ■  IO-2 

+3 

6.  85 

9.4  x  106 

9.4  x 

10 

9.4  x 

io-i 

3.  9  x  IO'2 

+4 

7.25 

1. 8  v  107 

1.8  x 

IO2 

1.8 

7.  5  x  10 -2 

+5 

7.65 

5.  1  x  107 

5.  1  x 

102 

5.  1 

2.  1  x  10-1 

+6 

8.05 

1.  34  x  108 

i.  3  x 

103 

1.  3  x 

10 

5.6  x  10*1 

+7 

8.45 

3.55  x  108 

3.6  x 

103 

3.  6  x 

10 

1.5  x  10° 

+8 

8.85 

9.40  x  108 

9.4  x 

103 

9.4  x 

10 

3.9  x  100 

+9 

9.25 

1.8  x  109 

1.8  x 

104 

1.8  x 

102 

7.  5  x  ioO 

+10 

9.65 

5. 1 x  109 

5.  1  x 

104 

5.  1  x 

IO2 

2.  1  x  10] 

+11 

10.05 

1.3  x  io10 

1.3  x 

105 

.1.3  x 

103 

5.6  x  iol 

+12 

10.45 

3.55  x  1010 

3.6  x 

JO5 

3.  6  ' 

103 

1.  48  x  io2 

+13 

10.85 

9.  4  x  io  10 

9.4  x 

105 

9.4  « 

103 

3.9  x  JO2 

+14 

11.25 

1.8  x  10*1 

1.8  x 

106 

1,  8  ' 

104 

7.5  x  103 

+15 

11.65 

5.1  x  l0ll 

5.1  x 

106 

5.  1  x 

104 

2.  1  x  103 

Note:  These  data  should  be  regarded  aa  being  good  to  only  one  significant  figure, 
and  could  differ  even  more  in  ibeoluie  value,  though  not  in  relative  value. 
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8.  CELESTIAL  FORMATIONS  (BODIES,  CLUSTERS,  ETC.) 


Pertinent  information  on  celestial  formations  (bodies,  clusters,  nebulae,  etc.) 
is  included  here  for  convenience  (note  magnitude  for  Mercery  and  Venus  are  given 
at  their  greatest  altitude  or  elongation  from  the  sun,  whereas  all  others  are  given 
at  quadrature  (90°)  from  sun:  Mercury  18°-28°;  Venus  47°-48°). 


mpv 

mpv 

Mercury 

-0. 2  Fallas 

7.9 

Venus 

-4. 08  Juno 

8  .  65 

Earth  —  seen  from 

sun 

-3.80  Vesta 

6.2 

Mars 

-1. 94  Eros 

9.9 

Jupiter 

-2.4  Moon 

-12.7 

Saturn 

+0. 8  Io 

5.52 

Uranus 

+5. 8  Europa 

5.65 

Neptune 

+7.6  Ganymede 

5. 10 

Pluto 

14. 7  Callisto 

6.25 

Ceres 

7.1 

Periodic  Comets 

Period  in  Years 

Encke 

1951  Mar  16 

3.3 

Grigg  SKj 

1947  April  18 

4.9 

Ternpel  2 

1946  Julv  2 

5.2 

Pons -Winneeke 

1945  July  10  * 

6. 1 

Forbes 

1948  Sept  16 

6.4 

Kopff 

1945  Aug  1 1 

6.  5 

Schwassman  W2 

1948  Aug  23 

6.5 

Giacobini  —  2 

■  'i- 

1946  Sept  18 

6.  6 

d'Arrest 

4 

1950  June  6 

6.7 

Daniel 

1950  Aug  24 

6.8 

Brooks  2 

1946  Aug  25 

6.95 

Relnmuth 

1950  July  23 

7.4 

Whipple 

1948  June  25 

7.41 

Faye 

■ 

1347  Sept  28 

7.4 

Oterma 

1950  July  15 

7.88 

Schaumusse 

■i'3 

1943  Nov  25 

8.  1 

Wolf  1 

■ 

1950  Oct  23 

8.3 

Comas -Sola 

-f  1944  Apr  11 

8.52 

Valsala  1 

r  1949  Nov  10 

10.  55 

Noujmln  3 

-jmjk 

!  ’  1951  May  27 

10.9 

Tuttle  1 

:f§ 

f  1939  Nov  10 

13.6 

Schwa  s  s  W1 

|  1941  June  9 

16.2 

Neujmin  1 

f  1948  Dec  15 

17.8 

Crommelin 

41 

t  1928  Nov  4 

27.9 

Pons-Brooki 

1884  Jan  26 

71.6 

Gibers 

•i 

1M7  Oct  8 

72.5 

Hailey 

1918  AfT  19 

76.0 

Globular  Clusters 


* 


Designation 

NGC 

(Messier  #, 

etc. )  # 

1 

47  Tuc 

104 

272° 

2149 

148 

A  445 

3201 

244 

M68 

4590 

269 

M53 

5024 

305 

(it  Cen 

5139 

277 

M3 

5272 

8 

M5 

5904 

332 

M4 

6121 

319 

M13 

6205 

27 

M12 

6218 

344 

M62 

6266 

322 

M19 

6273 

324 

A  366 

6397 

304 

M2  2 

6656 

337 

A  295 

6752 

303 

M55 

6809 

336 

7006 

32 

M15 

7078 

33 

Diam . 

b 

(min) 

MpC 

-450 

54' 

5 

26 

6 

11.5 

9 

29 

8.6 

36 

9 

9.1 

79 

16 

8.6 

15 

65 

4.7 

78 

20 

7.2 

46 

22 

6.9 

16 

21 

7.  1 

40 

21 

6.7 

25 

15 

7.9 

7 

10 

8. 1 

9 

10 

8.1 

-12 

30 

7. 

-9 

26 

6.2 

-26 

42 

7.  1 

-25 

90 

MM 

7.  1 

-21 

2 

11.5 

-28 

15 

7.3 

Selected  Dark  Nebula 

1 


52  cyg-  4o° 

Cygnus  43 

North  America  53 
Cygnus  60 

Cephus  7C 

Auriga  136 

Taurus  139 

S  Monoceroa  170 
Orion  175 

if  Carina  254 

Coal  Sack  272 

0  Ophiuchi  329 

Scutum  356 


b 

-8° 

-4 

0 

3 

2 

-6 

-14 

3 

-20 

0 

0 

4 
•3 


Interstellar  Space 

BadlAtlon  Density  12  x  io-13  ergs/cm3 
Equivalent  Black  Body  tempsratotra  3.  flOK 
=  • IP  2 5000° K 

=  -2p  15000°K 

visible  ♦  OV  10000°K 

®  3«tt*K 
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Selected  Bright  Diffuse  Nebulae 


Messier 

NGC 

bright- 

Galactic 

No. 

IC 

ness 

10th  Diam.  Stars 

long 

lat. 

mv  mag‘/fnTh^(irun. )  (mv) 

1 

b 

Near  y  Cass 

159 

15 

'  2.3 

91° 

-2° 

Pleiades 

M45 

120' 

3.0 

134 

-22 

Great  Orion 

M42 

1976 

4  20 

50' 

5.4 

177 

-18 

M43 

1982 

9  1 

6.8 

177 

-17 

1977 

4.  6 

176 

-18 

Near  Ori  (horsehead) 

1434 

50 

174 

-16 

30  Doradus  (L 

Magg.  Cl) 

2070 

7 

246 

-31 

M78 

2068 

8.3  0.4 

10.4 

173 

-13 

Rosette  NGC 

2237-8 

2246 

80 

7.4 

173 

-1 

7}  Carinae 

3372 

150 

7. 

255 

-1 

Trifid 

M20 

6514 

8.5 

25 

6.  9 

334 

-1 

Lagoon 

M-8 

6523 

5.8 

40 

6.  1 

333 

-2 

M-16 

6611 

6.4 

15 

8.3 
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9.  SKY  BRIGHTNESS  (MOON  IN  SKY) 

The  brightness  of  the  sky  with  the  moon  varies  with  the  phase  oi  the  moon  and 
the  anguiar  distance  from  the  moon.  The  brightness  of  the  total  sky  at  full  zenith 
moon  is  about  17-1/2  mag/s'ec-;  however,  since  we  look  at  specific  parts,  the 
brightness  versus  the  angular  distance  from  the  moon  is  of  more  importance.  Fig¬ 
ure  I-12A  gives  the  aureole  of  the  moon  which  should  be  used  with  Figure  1-13  to 
determine  variation  in  specific  areas  of  sky  under  moonlight  conditions.  Figure 
I-12B  gives  sky  brightness  versus  moon  phase. 


Figure  I- 12 A.  Aureole  of  the  Moon 
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Figure  1-12  B.  Approximate  Sky  Brightness  Change  vs  Moon  Age 


The  summary  of  all  these  light  sources  and  the  total  effect  on  sky  brightness 
is  perhaps  best  illustrated  by  the  composite  graph  of  Figure  1-13. 

10.  CELESTIAL  CATALOGUES,  ETC. 

a.  Calibration  Using  Stars 

Many  selected  areas  of  the  heavens  are  well  calibrated  because  different 
observers  study  different  areas  of  the  heavy  constellations.  Typical  of  these  is 
the  Polar  Sequence  or  the  star  area  near  the  celestial  pole  (star  Polaris).  Figures 
I-14A  and  14B  illustrate  the  chart  and  corresponding  calibration. 


I-3C 


Note:  These  Curves  Plotted  For  1000  Line 
Scan;  For  1200  Line  Scan,  Add  0.4  To  Mag 
nitude  9<*«le;  For  SCO  Line  Scan,  Subtract 
1.5  Frv  Magnitude  Scale;  For  700  Line 
Scan,  8  ;  -act  .  75  Froa  Magnitude  Scale  . 


FIELD  OF  VIEW  OF  LEWI 


Figure  I-7J.  Background  Light  v«  Fi  Id  of  View  —  1000  Line  Scan 
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Figure  I-14B.  This  is  a  carefully  measured  series  of  stars  near  the  pole  whose 
magnitudes  are  used  as  a  standard  for  measurements,  in  photovisual  and 

photographic  magnitudes. 
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For  general  sky  charts  and  atlases: 

Approximate  Cost 

Norton's  Star  Atlas 

stars,  clusters,  etc. 
to  6-1/3  mag 

$  5.25 

Atlas  Coeli  (1950.  0) 

thru  7-1/2  magnitude 

$  17.50 

Bonner  Durchmusterung 

thru  10th  magnitude 

$  100. 00 

The  Astronomical  Catalogue 

thru  21st  magnitude 

$  2500.00 

The  Maryland  Academy  of  Sciences,  Baltimore,  Maryland,  issues  yearly 
a  "Graphic  Time  Table  of  the  Heavens"  (published  in  January  issue  of  Sky  and  Tele¬ 
scope  for  each  new  year)  which  provides  general  information  on  astronomical  events 
during  the  year.  Figure  1-15  is  a  sample  for  the  year  1963.  Wall  chart  size  40  x 
27  is  available  at  $1.  50  a  copy.  Those  involved  in  applications  involving  celestial 
environment  are  referred  to  their  local  astronomical  association  or  society  and  its 
official  magazine  "Sky  and  Telescope"  for  up  to  date  information  on  astronomical 
observations,  etc. 

il.  SURFACE  ENVIRONMENT 


Operation  of  Electro -Optical  equipment  and/or  systems  for  surveillance,  de¬ 
tection,  tracking  resolution,  identification  or  discrimination  of  objects  and  terrain 
against  surface  background  and  environment  will  depe  u*.  primarily  on  variation  of 
reflectivity  (contrast)  of  the  objects'  surface  and  background  features. 


The  brightness  of  an  object  (distributed  or  point  sources)  to  be  observed  vs  the 
makeup  of  the'  surface  background  environment  is  dependent,  on  the  illumination 
reaching  the  scene  and  object,  and  the  reflectance  of  the  scene  and  object  surface 
in  the  direction  of  the  observer  (sensor).  The  table  below  gives  the  illumination  on 
earth's  surface  under  various  conditions.  This  is  a  composite  table  of  many  sources; 
variances  of  2  to  1  are  common  (in  some  cases  as  much  as  4  to  1)  depending  on 
source  and  measurement  technique  used.  Since  the  illumination  of  interest  is  the 
total  illumination  from  the  whole  sky  (1/2  the  complete  celestial  sphere  or  277  stera- 
dians)  this  is  the  value  tabulated  below. 


Direct  Sunlight  -  clear  summer  day  at  noon 

Sky-light-clear  summer  day  at  noon  (20%  of  Sunlight) 

Total  Flux  Direct  Sunlight  and  Skylight  at  noon 

Sun  on  Horizon 

Daylight  -  cloudy 

Very  dark  day  and  sunset 

Twilight 

Late  Twilight 

Full  moonlight,  clear  bright  night,  (moon  at  zenith) 

Full  moonlight  clear  night  1  hour  after  twilight 


1.  0  x  104  ft  candles  - 
lumens/ft2 

,  2  x  104  ft  candles 

1. 2  x  104  ft  candles 

275  ft  candles 

100  ft  candles 

10  ft  candles 

1  ft  candle 

10 _1  ft  candles 
3  x  10  ~2  ft  candles 

2  x  10  "2  ft  candles 
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Figure  1-15.  Graphic  Time  Table  of  the  Heavens 


.  j  <-5  H  .-=->.  K 1  ^  j4  f\  r 

V  i/U  Iv>k/iw  W  'w5  i-.  j 


Full  moonlight  moderately  cloudy  night 
Quarter  moon,  clear  night 
Clear  moonless  night  Starlight -only 
Moonless  —  Heavily  Clouded  night 
Interior  —  typical  normal  fox  daylight 
Interior  -  typical  normal  for  artificial  light 


4.5*  10 ft  candles 
10-3  ft  candles 
10~4  ft  candles 
I0~5  ft  candles 
20  ft  candles 
10  ft  candles 


The  variation  of  sky  illumination  for  total  sky  versus  the  moon  phase  and  posi¬ 
tion  effect  the  total  sly,'  brightness  and  is  illustrated  by  Figure  I-12B. 

C.  ATMOSPHERIC  EFFECTS 


The  earth’s  atmosphere  greatly  effects  the  quality  and  extent  of  ’’seeing”  pos¬ 
sible  with  ultra  violet,  visual  and  infrared  photographic  and  electro -optical  equip¬ 
ments.  It  causes  limits  beyond  which  it  will  be  very  difficult  or  impossible  to  "see”. 
It  is  this  atmospheric  "seeing”  which  causes  the  tremendous  interest  and  need  for 
an  Orbiting  Astronomical  Observatory.  The  advent  of  the  G.  E.  low  light  level  thin 
film  MgO  Image  Orthicon,  because  of  its  tremendous  "high  speed”  in  relation  to 
film,  offers  new  possibilities  for  reducing  the  problem.  It  will  be  covered  in  detail 
later  In  Section  II-C,  suffice  it  to  say,  we  have  a  new  research  and  measuring  tool 
here  that  will  help  us  cut  the  atmospheric  effects  and  alter  some  of  the  limits  ac¬ 
cordingly. 

The  atmospheric  effects  and  their  limitations  as  covered  in  this  section  are: 

1.  Retraction 

2.  Absorption 

3.  Scattering  of  Light  and  Haze  Background 

4 .  Dancing 

5.  Scintillation 

6.  Pulsation 

7.  Defocus ing 

8.  Inversion  Layer 

9.  Dust  and  Smoke  Content 

10.  Weather 

For  aero-space  surveillance  systems  these  effects  place  certain  restrictions 
on  equipment  performance.  For  moderately  short  focal  lengths  (under  50”)  as 
would  be  expected  to  be  used  for  surveillance,  the  dancing  and  pulsation  effects 
will  be  negligible  on  normally  "good’’  nights. 
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1.  REFRACTION 


a •  General  Description 


Th«>  effect  of  atmospheric  refraction  upon  the  propagation  of  light  rays  from 
a  satellite  is  an  effective  bending  of  the  path  of  each  ray.  As  a  result  the  satellite 
is  observed  at  a  higher  elevation  angle  than  that  of  its  true  position. 


/ 


Refraction  follows  a  definite  pattern  although  there  are  day-to-day  and  hour- 
to-hour  variations  due  primarily  to  temperature  avid  pressure..  These  are  usually 
small  and  often  will  be  within  equipment  and/or  systems  tolerances.  Refraction 
varies  with  elevation  angle. 

The  magnitude  of  the  refraction  error  (E^  -  Ex)  depends  upon  the  position  of 
the  satellite  with  respect  to  the  earth  and  the  index  of  refraction  along  the  path  of 
observation.  Since  the  magnitude  of  the  index  of  refraction  is  a  function  of  such 
parameters  as  observer's  location  on  the  earth,  weather,  time  of  clay,  and  season 
of  the  year,  it  becomes  an  overwhelming  task  to  conduct  a  complete  analysis. 
Therefore,  to  simplify  the  analytical  problem,  atmospheric  models  which  are  re¬ 
presentative  of  average  conditions  are  employed. 

Different  atmospheric  models  show  similar  results. 

Norton's  Star  Atlas  gives  the  mean  refraction  for  50°F  (,10°C)  and  29.6” 
(752  mm)  Barometer,  when  looking  from  earth  to  objects  at  infinity;  also  see  Fig¬ 
ure  1-17, 

For  other  temperatures,  add  1%  per  5°F  if  cooler  (subtract  if  hotter). 

For  other  pressures  add  3  1/2%  per  inch  if  higher. 


0) 


A.  P.  Norton,  Norton's  Star  Atlas,  Gall  and  Inglis,  London  and  Edinburgh, 


1940. 
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OBSERVED  ELEVATION  ANGLE 


Figure  1-17.  Refraction  Correction  (subtract)  for  Observed  Elevation  Angles 

Object  at  Infinity 
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3° 
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27" 

4° 

H’39" 

20° 

2'37" 

80° 

10” 

The  results  of  two  other  atmospheric  models  under  standard  conditions  (760  mm 
and  0°C)  are  shown  in  the  Table  below: 


Apparent  Elevation 

Fiane  Parallel 
Layer  Model 

Concentric  Spherical 
Shell  Model 

20° 

166.  06  sec 

164. 50  sec 

25 

129.  55 

128.82 

30 

104. 12 

104. 16 

45 

60.38 

60.32 

60 

34.86 

34.85 

75 

16.18 

16. 18  1 

90 

0.00 

0.00 

The  theories  leading  to  the  data  of  the  above  table  have  been  verified  ex¬ 
perimentally  by  McCruady,  Pawsey  and  Payne-Scott,  and  Marner  and  Ringen.  The 
data  for  the  concentric  spherical  shell  model  Is  plotted  in  Figure  1-18. 

The  major  variations  in  this  data  are  due  to  changes  in  weather,  satellite 
position,  etc.  These  variations  will  now  be  considered  in  detail. 

The  refractive  index  (m)  used  in  the  atmospheric  mooel  can  be  written  as: 
m  =  1  +  a-^r  +  b-^2  EQ*  1-1 


where: 

a,  b  -  constants 

P  partial  pressure  of  dry  air 
e  -  partial  pressure  of  water  vapor 
T  temperature  of  air 
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Figure  1-18.  Angular  Error  Due  to  Atmospheric  Refraction  as  a  Function  of 

Optical  Field  of  View 
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The  first  two  terms  (1  -  a  P/T)  apply  to  both  optica]  and  radio  frequencies 
while  the  third  term  (b  e/T'^)  is  an  explicit  water  vapor  relationship  required  only  at 
radio  frequencies.  The  variation  with  T  and  P  for  optical  wavelengths  has  been 
tabulated  in  reference  #16  and  is  discussed  below.  Several  other  miscellaneous 
factors  affect  the  atmospheric  model  and  will  also  be  considered. 

b.  Variation  with  Surface  Air  Temperature 

The  data  of  the  following  cable  is  based  upon  a  surface  air  temperature  of 
0°C  (32°F).  At  other  temperatures  the  refraction  differs,  becoming  greater  at 
lower  temperatures  and  less  at  higher  temperatures,  t  sing  tabulated  corrections 
in  reference  #16  the  following  table  has  been  prepared  to  illustrate  the  variation 
with  surface  air  temperature,  assuming  a  target  at  infi  lity  (worst  case). 


Apparent 

Standard 

Standard  (+32°F) 

-  .  0°F 

+100°F 

Elevation 

Refraction 

Error 

%  Error 

Error 

Error 

Error 

%  Error 

20° 

164  sec 

o 

0 

-32  sec 

1 

>-* 

00 

O'1 

18  sec 

+11% 

30° 

104 

0 

0 

-18 

-17 

18 

+17 

50° 

50 

0 

0 

-12 

-24 

6 

+12 

90° 

0 

0 

— 

0 

-0 

0 

L_? _ 

0 

c.  Variation  with  Atmospheric  Pressure 

The  data  of  the  table  above  is  based  upon  an  atmospheric  pressure  of 
760  mm  (29.83  inches  or  1010  r  Hlibars)  at  sea  level.  At  other  pressures  the  re¬ 
fraction  differs,  becoming  greater  as  pressure  increases,  and  smaller  as  it  de¬ 
creases.  A  study  oi  the  tabulated  collections  in  reference  (8)  reveals  that  the 
maximum  change  in  the  data  of  the  table  for  a  barometric  pressure  variation  of 
28.2  -  32.2  inches  of  mercury  is  approximately  ±5%.  This  corresponds  to  a  target 
at  infinity  with  an  apparent  elevation  angle  of  20°  or  more. 

d.  Variation  with  Humidity 

Humidity  has  a  relatively  slight  effect  on  atmospheric  refraction  at  optical 
frequencies.  (This  is  not  true  for  radio  frequencies.)  The  variation  at  the  horizon 
from  completely  dry  air  to  very  moist  air  is  less  than  ±1%,  See  Reference  #8. 

e.  Variation  with  Wind 


Wind  is  believed  to  have  some  effect  upon  refraction,  the  change  apparently 
Increasing  as  the  square  of  the  wind  velocity.  However,  at  30  knots  the  change  on 
the  horizon  is  believed  to  be  less  than  ±1%. 

f.  Variation  with  Latitude 

Latitude  has  a  slight  effect  upon  refraction  because  of  the  decrease  in  the 
radius  of  the  earth  and  the  increase  of  gravity  as  latitude  increases.  The  variation 
at  the  horizon  is  about  ±1%. 


(8)N.  Bowditch,  American  Practical  Navigator,  US  Navy  Hydrographic  Office 
Publication  #9,  1958. 
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g .  Variation  with  Wavelength 

The  various  wavelengths  present  in  the  sensor  spectrum  (3000-7000A  for 
the  1,0.)  are  refracted  through  slightly  different  amounts.  The  total  dispersion 
at  the  horizon  for  the  I.  O.  is  approximately  ±1%. 

h.  Variation  with  Range 

The  classical  astronomy  references  are  concerned  only  with  heavenly  bodies 
which  are  considered  to  be  at  a  slant  range  of  infinity.  Thus  the  data  in  the  refrac¬ 
tion  tables  are  based  upon  a  range  of  infinity.  However,  for  satellites  this  is  not 
necessarily  true.  G.  H.  Millman  (reference  #9)  has  investigated  this  variation  in 
atmospheric  refraction  for  radio  waves  using  the  water  vapor  term  in  equation  1-1 
for  the  refractive  index.  It  was  found  that  the  variation  for  slant  ranges  other  than 
infinity  is  very  small.  For  example  the  variation  with  a  change  in  range  from 
1000  nm  to  infinity  is  one  percent  or  less.  Likewise  the  variation  with  a  change  in 
range  from  100  nm  to  infinity  is  three  percent  or  less. 

i.  Summary  of  Variations 

It  should  be  noted  that  all  values  given  above  represent  the  maximum  per¬ 
centage  variations  expected.  Since  the  atmospheric  refraction  error  itself  decreases 
as  the  elevation  increases,  the  resulting  variation  also  decreases  with  elevation. 

The  expected  variation  is  also  reduced  by  the  fact  that  the  atmospheric  model  as¬ 
sumes  some  value  of  each  parameter  near  the  mean  of  the  extreme  limits  discussed 
above. 


Thus  it  can  be  concluded  that  the  maximum  variation  in  atmospheric  re¬ 
fraction  error  due  to  weather  conditions,  range,  etc. ,  would  be  less  than  ±30%. 

If  continuous  ground  temperature  and  parametric  pressure  information  was  factored 
into  the  atmospheric  refraction  error  calculation,  a  variation  of  not  more  than  ±10% 
would  be  expected.  See  Figure  1-19. 

J.  Effect  on  Field  of  View 


The  differential  change  of  refraction  across  the  field  of  view  of  a  selected 
lens  is  generally  negligible,  however,  the  size  change  should  be  checked  since  a 
change  of  elevation  will,  in  effect,  change  the  size  of  the  field  of  view  and  cause 
apparent  star  motions.  This  must  be  taken  into  account  in  an  MTI  equipment  as 
the  size  change  amounts  to  many  resolution  elements  when  at  the  lower  angles 
even  for  small  (3°)  fields  of  view.  In  addition,  if  star  field  pictures  are  taken  at 
one  elevation  angle  and  compared  to  the  same  field  taken  later  at  a  different  eleva¬ 
tion  angle  the  size  change  due  to  refraction  could  be  the  largest  error  causing  non¬ 
cancellation.  Fortunately,  this  error  is  fairly  consistent  and  thus  can  be  program - 
corrected  either  by  hand  or  automatically. 

k.  Effect  on  Angle  Measurement 

The  combined  effect  of  the  variations  summarized  in  Figure  1-19  and  the 
error  across  the  field  of  view  (assuming  a  bias  correction)  given  by  Figure  1-21 
is  analyzed  in  Section  IV. 

H.  Millman,  Atmospheric  and  Extraterrestial  Effects  on  Radio  Wave 
Propagation,  GE  Co.  Report  VTW  TOIERHST 
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The  above  bias  error  can  be  compensated  for  by  adding  a  correction  which 
is  a  function  of  the  mount  elevation  angle  and  the  field  of  view.  If  this  is  done  the 
error  in  angular  measurement  is  reduced  to  that  arising  from  the  difference  in  re¬ 
fraction  across  the  field  of  view.  The  magnitude  of  the  remaining  error  can  be 
obtained  from  Figure  1-18  as  shown  in  Figure  1-20. 


m-  E 


Figure  1-20. 


The  maximum  error  due  to  the  change  in  atmospheric  refraction  across 
the  field  of  view  is  then  given  by  AE  which  is  plotted  in  Figure  1-21  for  minimum 
elevation  angles  of  20,  30  and  50  degrees. 

2.  ABSORPTION 

The  generally  accepted  values  of  clear  weather  atmospheric  absorption  at  the 
zenith  are  about  15%  or  +0.21  mag  absorption/air  mass  for  visual  response  and 
30%  or  +0.44  mag/air  mass  at  ph-  graphic  (103a-O)  response.  For  S-20  photo¬ 
cathode  response  this  value  would  0. 15  to  0. 17  mag/air  mass  for  low  tempera¬ 
ture  sources  (<2000°K)  and  the  vie  .i  values  or  more  for  high  temperature  sources 
*  f>4000°K).  For  other  Elevations: 

Total  Attenuation  Loss 


Elevation 
Angle  or 
"Altitude" 

Absorption 
Distance  in 
Air  Masses 

Additional 
Mag  Loss 

Photo¬ 

graphic 

(Pg) 

Photo - 
visual 
(pv)  &  S20 

S-20 

(<2000°K 

Targets) 

90  &  80° 

1.0 

.00 

.44  mag 

.  21  mag 

.  16  mag 

70 

1.  1 

.0103 

.45 

.22 

.  17 

60 

1.2 

.096 

.54 

.30 

.25’ 

50 

1.3 

.283 

.72 

.49 

.44 

40 

1.6 

.57 

1.01 

.78 

.73 

30 

2.0 

.75 

1.19 

.96 

.91 

20 

2.9 

1.15 

1.59 

1.36 

1.31 

10 

5.6 

1.86 

2.3 

2.07 

2,02 

1-50 
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Norton's  Star  Atlas  gives  absorption  for  different  angles  as  follows:  (these 
are  less  than  above) 

Zenith  distance  (Angle  from  Zenith) 

47°  58°  64°  69°  71°  73°  75°  77°  79°  80°  84°  86°  88°  89° 

No.  of  Mags  Diminished 

0.1  .2  .3  .4  .5  .6  .7  .8  .9  1  1.5  2  2.5  3 

The  following  brief  data  is  taken  from  Allen  (2).  For  further  detail  his  re¬ 

ferenced  work  is  advised. 

Fractional  Atmospheric  Transmission  to  total  solar  radiation  in  clear  air  for 
various  water  vapor  content  and  elevation  is  presented  below: 


Water  Vapor  in  cm  of  precipitable  v.ater  per  unit  air  mass 


Air  Mas  a 

0.0 

.5 

1.0 

2.0 

3.0 

4.0 

.  5 

.902 

.852 

.837 

.821 

.812 

.805 

1.0  (90°  El) 

.859 

.794 

.778 

.762 

.752 

.745 

2.0  (30°  El) 

.  796 

.715 

.699 

.682 

.671 

.644 

3.0  (19-1/2°  El) 

.743 

.652 

.636 

.618 

.609 

.604 

4.  0  (14-1/2°  El) 

.704 

.607 

.590 

.572 

.565 

.560 

Figure  1-22  represents  the  summary  effect  of  various  atmospheric  conditions  as 
given  in  Allen  (2). 

3.  SCATTERING  OF  LIGHT  AND  HAZE  (NIGHT-TIME  AND  DAYLIGHT) 

Scattering  of  light  is  caused  primarily  by  the  water  vapor  content  and  dust  in 
the  atmosphere.  When  the  water  vapor  content  approaches  saturation,  haze  in¬ 
creases  and  finally  thickens  to  the  point  of  fog  conditions.  The  primary  effect  of 
scattering  under  normally  clear  conditions  (low  water  vapor  content)  is  loss  of  con¬ 
trast  in  addition  to  a  normal  amount  of  attenuation. 

In  the  case  of  haze  some  improvement  with  filtering  is  possible,  depending  on 
its  extent.  No.  3,  8,  15,  21,  23A,  25,  29,  92,  and  79  Wratten  cut  off  filters  (pro¬ 
gressively  light  yellow  into  red)  are  useful  in  improving  contrast.  (See  Figure 
1-23.)  Since  the  response  of  t’.:e  S-20  photocathode  surface  extends  to  8000  +  A, 
the  92,  89B,  and  87C  are  effective  in  extending  daylight  seeing  ability.  For  instance, 
an  89B  filter  with  a  40'  focal  length  lens  and  a  S-20  photocathode  Image  Orthicon, 
will  permit  tracking  of  1st  mag.  stars  throughout  a  bright  clear  daylight  sky.  With¬ 
out  filters,  several  magnitudes  brighter  will  be  required.  In  daytime  exercises 
With  I.  O.  's,  the  less  sensitive  S-10  tubes  with  a  23A,  25,  or  29  Wratten  cut  off 
filter  are  generally  best  for  building  up  contrast  against  a  clear  blue  or  hazy  blue 
sky.  A  red  filter  (#29)  will  help  sharpen  distant  scenes  over  nearby  vegetation  or 
a  valley. 


Note:  A  single  gelatin  filter  will  attenuate  about  density  3  maximum. 
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Figure  1-22.  lacreaae  in  Visual  Magnitude  Due  to  Atmospheric  Attenuation 


The  signal -to -no iso  Improvement  la  due  to  the  difference  of  the  scattering  co¬ 
efficient  of  haze  from  all  other  sources,  vs  the  direct  spectral  illumination  from 
the  object  diffused  by  the  hare,  which  Improves  with  longer  wavelengths.  For  more 
details  on  air  glow,  aee  the  diacusaion  In  Section  I-B. 

Monochromatic  filters  can  be  used  to  cut  down  the  refractive  components  caused 
by  atmospheric  disturbance*  that  produce  distortions  arid  limit  high  resolution 
ability .  However,  since  any  single  look  angle  may  actually  see  through  several 
layers  ol  disturbance,  then  a  single  filter  would  no  longer  be  helpful.  Therefore, 
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Figure  1-23.  Transmission  of  Various  Kodak  Wratten  Filters 
Plus  S-20  Response  Curve 


the  improvement  may  only  be  partial  and  then  only  on  "good"  seeing  conditions. 

More  tests  are  needed  to  define  the  areas  and  conditions  of  use  and  extent  of  im¬ 
provement  possible,  and  will  be  reported  accordingly. 

For  the  higher  northern  latitudes  (also  southern)  the  cold  upper  air  water  con¬ 
tent  more  generally  will  be  in  the  form  of  ice  crystals,  which  in  addition  to  scatter¬ 
ing  also  act  as  reflectors;  and  since  there  may  be  many  reflectors,  some  are  always 
glinting;  thus,  the  sky  will  be  apparently  much  brighter  than  one  would  otherwise 
expect  from  calculations.  This  is  particularly  true  under  moonlight  conditions 
where  in  essence  we  can  have  two  bright  sources  of  light  (the  sun  not  necessarily 
being  just  below  the  horizon)  as  the  scatter  and  glint  effect  carries  sun  glint  as  well 
as  moonlight  through  the  atmosphere  with  much  less  than  normal  isolation. 

Scattered  light  is  partially  polarized  (15%)  approximately  in  the  plane  of  the 
sun's  path  but  for  only  that  light  due  to  the  sun  (approximately  15%);  so  polarization 
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filtering  will  not  be  very  effective,  (15*  of  15 Vo),  especially  when  filter  losses  are 
considered.  Filtering  in  general,  will  offer  only  a  partial  improvement  of  signal 
to  noise  ratio  as  the  sun  and  most  nearby  stars  have,  in  general,  the  same  spectrum. 
However,  in  cases  of  air  glow  or  light  haze,  some  recovery  of  otherwise  lost  per¬ 
formance  is  possible.  A  red  filter  is  helpful  in  "thinning"  the  Milky  Way  (because 
of  predominance  of  "blue"  stars)  but  again  this  recovers  only  a  portion  of  the  lost 
performance  since  it  cuts  down  the  signal  tool 

4.  DANCING  (POSITION  VARIATION) 

This  effect  describes  the  phenomenon  of  change  of  observing  angle  across  the 
picture  with  time.  These  changes  are  readily  apparent  with  long  focal  length  optics 
(450  +  inches).  The  frequency  and  extent  of  this  dancing  varies  with  the  stability 
and  "seeing"  conditions  of  the  sky.  It  is  primarily  caused  by  temperature  differen¬ 
tials  and  moving  layers. 

Dancing  is  defined  as  the  motion  of  an  image  about  some  mean  position  in  a 
random  manner.  This  motion  is  highly  correlated  over  a  field  of  view  of  several 
degrees  of  arc.  For  this  reason  it  is  associated  with  atmospheric  disturbances 
nearer  the  surface  of  the  earth  as  a  result  of  formation  of  warm  air  cells  at  the 
surface  of  the  earth,  which  periodically  break  loose  and  rise  into  the  atmosphere. 

The  spectrum  of  the  dancing  frequency  contains  several  peak  regions.  The 
first  often  occurs  around  0.  05  cps.  The  second  peak  may  occur  around  1  cps  and 
is  also  associated  with  turbulence  near  the  observer. 

The  larger  and  obvious  motions  are  low  in  frequency  (.  05  to  5  cy/sec),  though 
motion  may  extend  into  the  kilocycle  range  for  smaller  amplitudes.  Thus  on  a 
'jgood''  night,  dancing  amounts  to  I  to  2  £ecoml5  of  arc;  on  a  poor  night  it  is  6  to  10 
sec  and  even  in  the  10  to  15  ^ec  region  quite  often;  the  large  values  are  lower  in 
frequency.  No  work  involving  "seeing"  would  be  conducted  on  hot  humid  days  as 
the  results  can  have  fluctuations  in  the  degree  range. 

The  dancing  effect  severely  limits  simultaneous  comparison  of  base-line  sepa¬ 
rate  1  photos  even  for  a  few  feet  separation  due  to  the  different  atmospheric  paths. 
Figure  I-3A  illustrates  this  problem.  When  the  photos  are  viewed  in  stereo,  several 
levels  of  star  backgrounds  are  apparent  and  these  were  taken  only  a  few  seconds  of 
time  apart!  These  photos  were  taken  with  the  same  equipment  from  the  same  mount 
so  linearity  and  equipment  distortions  should  have  cancelled  from  picture -to -picture. 
The  field  was  large  and  l/5th  sec.  eye  integration  was  used  so  that  the  usual  scin¬ 
tillation  effects  should  have  been  small,  if  any. 

Since  the  thin  film  Image  Orthicon  can  be  exposed  for  short  periods  by  control¬ 
ling  the  photocathode  bias,  it  is  a  new  means  to  explore  this  phenomenon  and  (hope¬ 
fully)  partially  conquer  it. 

For  short  exposures  (less  than  30  millisecs)  dancing  will  materially  effect 
position  and  thus  affect  cancellation  in  MTI  but  if  integrated  ov^r  long  periods,  it 
averages  out  and  thus  does  not  affect  stellar  position  data  obtained  over  reasonable 
periods  (10  seconds  or  more). 
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5.  SCINTILLATION  (VARIATION  OF  INTENSITY) 


Scintillation  (intensity  modulation  due  to  instantaneous  reflection  and  absorption 
of  particles  in  atmosphere,  primarily  water  vapor)  can  be  quite  extreme;  even 
bright  stars  twinkle!  However,  for  all  normal  continuous  looks,  integration  over 
a  moderate  time  (1/5  sec.  or  so)  will  reduce  or  eliminate  this  as  a  problem.  With 
short  exposures,  as  is  possible  with  the  MgO  I.O,  's,  the  period  and  frequency  will 
be  important  since  as  the  scintillation  period  is  approached,  stars  and  targets  may 
be  completely  lost  (when  the  signal  comes  through  similar  or  nearly  similar  paths) 
in  some  fast  short  exposures. 

The  frequency  of  scintillation  is  primarily  in  the  0. 1  to  20  cy/sec.  range  and 
may  cause  a  100%  modulation  of  received  intensity.  Scintillation  in  the  lower  fre¬ 
quency  range  has  been  studied  quite  extensively  and  is  generally  correlated  to  the 
wind  conditions  at  or  near  the  tropopause.  The  extent  occurs  over  several  seconds 
of  arc,  but  tends  to  cancel  out  after  20  seconds  of  arc.  This  explains  the  reduction 
of  scintillation  with  planets  as  compared  to  stars.  Figure  1-3 A  and  B  illustrates 
how  this,  the  dancing  and  refractive  effects  combine  to  vary  star  positions  within  a 
field  of  view  to  such  extent  as  to  effect  cancellation  if  stereo  methods  are  being 
considered. 

The  source  of  this  phenomenon  is  attributed  to  the  winds  near  the  tropopause 
(25-55  kilofeet)  depending  on  latitude  and  time  of  year. 

Since  scintillation  varies  inversely  as  a  function  of  the  transmit-receive  cone 
size,  scintillation  will  be  reduced  by  using  larger  apertures.  That  is,  the  resultant 
scintillation  over  a  large  aperture  approaches  zero.  At  the  same  time  the  de  ail 
content  attainable  in  the  image  may  not  be  improved  by  the  larger  aperture,  as  it 
may  appear  to  be  defocused  (see  discussion  on  Pulsation  in  following  paragraphs). 

6.  PULSATION  (CHANGE  OF  SIZE  OF  IMAGE) 

This  phenomenon  is  closely  aligned  to  diffusion  and  change  of  focus,  but  since 
it  is  readily  apparent,  even  with  small  optical  telescope  systems,  and  is  of  higher 
frequency,  it  is  generally  classed  separately.  Pulsation  is  generally  attributed  to 
intermediate  layers  Of  disturbance;  however,  this  is  still  open  to  discussion. 

Pulsation  defines  the  change  of  point  source  image  size  with  time  and  is  random 
in  nature.  The  smaller  size  apertures  give  sharper  images,  the  large  size,  fuzzy 
images.  At  higher  powers  the  image  looks  like  a  pinwheel  moving  first  in  one  direc¬ 
tion  and  then  the  other  with  the  rays  receding  and  extending  randomly. 

Change  of  point  source  size  with  time  (pulsation)  will  cause  incomplete  cancel¬ 
lation  in  comparison  circuitry.  It  will  cause  Increased  element  occupancy  when 
Integrated  over  longer  time  periods  in  an  attempt  to  get  lower  cancellation  false 
alarm  rates. 

The  effect  is  readily  studied  by  the  variation  size  of  stars  (point  sources)  imaged 
on  a  film  plate  or  focal  plane.  The  smallest  possible  image,  of  course,  will  be 
limited  by  the  circle  of  confusion  of  the  optics  involved  and  is  not  to  be  confused 
with  the  pulsing  effect  itself. 

It  is  generally  believed  that  the  sharpest  or  smallest  image  is  also  the  true 
Image.  A a  the  image  of  a  larger  object  (other  than  point  source)  is  resolved,  the 
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exact  shape  comes  under  question  since  both  pulsation  effects  and  dancing'  effects 
are  apparent.  Analysis  of  the  effect  to  date  points  to  validity  in  the  assumption  that 
the  smallest,  sharpest  is  probably  the  more  exact  -  but  there  is  still  some  question. 

7.  DEFOCUSING 

There  is  very  little  literature  on  the  defocusing  phenomenon  and  less  on  the 
defocusing  gradients.  Astronomers  have  long  noted  that  longer  focal  length  photo¬ 
graphs  of  the  moon  and  planets  move  in  and  out  of  focus  over  a  period  (generally  on 
a  l/2  to  2-1/2  min.  cycle).  Since  it  is  relatively  slow,  techniques  are  more  easily 
adapted  (most  involve  manual  control)  to  vary  the  focus  to  obtain  good  focus  over 
long  exposure  times,  or  simply  shutter  exposure  to  those  periods  of  good  focus. 

The  extent  of  area  or  angle  within  a  given  field  of  view  that  will  be  in  focus  at 
any  one  time  is  probably  more  a  function  of  aperture  than  field  of  view.  That  is, 
this  problem  is  more  pronounced  with  larger  apertures  (20"  or  more)  than  with 
small  (less  than  10  Inches)  apertures.  Even  short  exposures,  5  milliseconds  or  so, 
exhibit  this  effect. 

More  studies  are  necessary  before  this  phenomenon  and  its  causes  are  better 
understood.  Defocusing  is  not  of  serious  concern  except  in  high  resolution  work. 

8.  INVERSION  LAYER 

When  working  with  larger  apertures,  12"  (to  a  small  degree)  and  especially 
over  24",  the  inversion  layer  introduces  distortions.  The  atmosphere,  due  to  this 
phenomenon,  acts  to  refract  various  parts  of  a  plane  wave  by  different  amounts, 

9.  DUST  AND  SMOKE  CONTENT 

Dust  in  the  atmosphere  can  be  a  serious  limitation  on  "good  seeing"  but  since 
it  is  primarily  a  matter  of  site  location,  due  to  local  wind  and  air  conditions,  it 
should  be  treated  as  an  important  factor  influencing  site  selection  and  thus  hopefully 
eliminated  or  at  least  minimized  as  a  factor. 

Smoke  effects  predominantly  the  photographic  (blue)  and  visual  wavelengths 
with  little  or  no  effect  as  the  near  and  infrared  wavelengths  are  used.  For  instance, 
even  the  S-l  photocathode  surface  will  see  through  all  but  the  very  dense  smokes, 
provided,  of  course,  visual  cut  off  filters  are  used  to  limit  saturation  from  nearside 
light  reflected  from  the  smoke  itself. 

10.  WEATHER 

Except  for  light  haze  and  smoke,  visual  and  near  infrared  equipments  are,  for 
all  practical  purposes,  limited  to  clear  weather  operation.  However,  even  the  S-20 
response,  which  extends  to  .85  microns,  permits  penetration  of  haze  and  very  light 
fogs  provided  red  cutoff  filters  are  used  to  cut  down  saturation  from  nearside  re¬ 
flected  and  scattered  light.  See  Figure  1-24.  Figure  1-25  shows  that  even  without 
filters  the  improvement  to  .85  microns  permits  viewing  through  light  overcast 
even  though  not  possible  with  eye. 

Light  and  moderate  fogs  can  be  penetrated  to  a  degree  by  use  of  inirared;  the 
further  into  the  infrared,  the  better  the  penetration.  The  S-l,  with  an  87C  Wratten 
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Figure  1-24.  Atmospheric  Attenuation  Factor 
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Figure  1-25.  NASA  Wallops  Istand  Balloon,  Viewed  from  Schenectady 
by  GE  Electro -Optical  System:  6:30  PM  2/27/69;  Range  600  Miles; 

Scan  1/30  Second:  Optics  2,8  Inch 

filter  to  cutoff  nearside  reflected  light  to  reduce  saturation  of  the  tube,  will  pene¬ 
trate  reasonable  distances  in  light  and  medium  fogs.  See  Figure  1-22  in  addition 
to  Figure  1-23. 

Where  missile  launch  monitoring  is  desired,  the  flame  energy  can  be  seen 
using  near  infrared,  though  visually  it  will  not  be  observable.  Here  it  is  a  matter 
of  getting  the  sensing  equipment  nearby  and  then  following  the  missile  up  through 
the  fog.  The  success  here  is  due  to  the  fact  that  though  the  fog  penetration  is 
impossible  for  only  relatively  short  horizontal  distances,  the  vertical  or  altitude 
thickness  of  fog  is  relatively  small.  The  denser  fogs  generally  being  more  com¬ 
pact  in  thickness  are  thus  penetrated  as  are  the  lighter  fogs;  1500  to  3500  ft.  thick¬ 
ness  being  reasonable  estimates  from  weather  bureau  data. 

For  more  detail  discussion,  see  G.  E.  TIS  Reports  on  this  subject. 

Rain  is  more  readily  penetrated  using  near  infrared  than  would  normally  be 
expected.  In  fact,  heavy  rain  is  often  less  of  a.  problem  than  light  rain  especially 
in  scene  surveillance.  Snow,  as  particle  size  increases,  is  more  heavily  attenuated; 
however,  again  penetration  is  better  than  with  fogs.  Red  and  deep  red  filtering 
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helps  to  cut  down  nearside  reflection  and  light  from  saturating  sensing  element  and 
thus  improves  penetration  ability. 

11.  SUMMING  UP  THE  EFFECTS 


The  common  important  factor  is  the  frequency  or  time  dependence  of  the  "Seeing" 
problems.  If  short  exposures  are  made  (approximately  5  msec  or  shorter)  dancing 
is  stopped,  as  is  defocusing  in  portions  of  the  field,  thus  leading  to  sharp  images. 

For  an  appreciable  fraction  of  the  time,  a  pulsating  image  will  also  remain  sharp, 
if  the  exposure  is  made  at  the  time  of  smallest  image.  In  "excellent"  seeing  the 
stable  condition  may  last  from  10  to  20  msec.  Inversion  layer  spectra  shows  simi¬ 
lar  effects  but  much  more  needs  to  be  done  to  document  and  thoroughly  explain  the 
effects  which  for  the  most  part  are  random  with  time,  though  they  may  have  some 
periodicity. 

Thus  little  can  be  done  with  direct  processing  until  more  knowledge  is  available. 
The  I.  O.  !s  sensitivity  coupled  with  its  ability  to  be  exposed  at  varying  controlled 
times  offers  hope  for  some  breakthroughs;  in  the  meantime,  we  will  have  to  design 
around  many  "Seeing"  errors.  G.  E.  Photo-electric  Observatory  Report treats 
"seeing"  problems  in  more  detail. 

D.  TARGET  BRIGHTNESS  FACTORS 

The  targets  or  objects  to  be  detected,  separated,  confirmed,  resolved,  tracked, 
etc. ,  must  have  one  ir  more  characteristics  distinct  enough  for  detection  with  re¬ 
spect  to  background.  Thus,  besides  being  bright  enough  for  detection,  at  least  one 
other  characteristic  (most  commonly,  motion)  must  also  be  present  to  confirm 
separation.  The  factors  include  the  following: 

1.  Velocity  and  Location 

2.  Illumination  and/or  Brightness 

3.  Reflectivity 

4.  Illumination  period 

5.  Spectral  Response 

6.  Attitude 

7.  A  priori  Information 

The  rates  and  brightnesses of  medium  and  high  altitude  satellites  and  space 
probe  targets  dictate  different  parameters  and  trades  in  the  system  synthesis  and 
thus  represent  important  considerations  for  establishing  performance. 

NOTE  1.  It  is  usually  the  relative  target  velocity  that  sets  performance 

limit  and  affects  other  criteria;  hence  it  should  be  established  early  in 

the  system  analysis  procedure. 


F.  Spalding.  Photo-Electric  Observatory  Report  #3.  G.E.  Co. 
#61GL146,  1961. 

(11)d.  J.  LaCombe,  The  Prediction  of  the  Brightness  of  a  Body  in  Space.  GE 
Co.  Report  #TIS  R62EMH$E 


1-60 


NOTE  2.  In  addition  to  the  data  given  in  this  section,  the  Volunteer  Satel¬ 
lite  Tracking  Program  -  Phototrac.k  Bulletin  has  been  included  in  Appendix 

VI  for  reference. 

1.  TARGET  VELOCITIES  (RELATIVE  TO  BACKGROUND) 

The  targets  and  objects  that  are  to  be  detected,  etc. ,  against  the  sky  noise 
background  include  such  a  wide  range  of  velocities,  altitudes,  locations,  and  direc¬ 
tions  that  no  one  method  will  cover  all  possibilities. 

A  satellite  will  have  a  zenith  (maximum)  angular  rate  set  by  its  period,  which 
is  proportional  to  the  3/2  power  of  its  distance  from  the  center  of  the  earth. 

The  angular  velocities  involved  range  from  retrograde  velocities  (backwards 
to  earth's  rotation)  through  zero,  relative  to  celestial  rate  (earth  rotation  15°/hr), 
to  3°/sec  for  a  100  mile  altitude  satellite. 

At  3000  miles  the  zenith  angular  rate  is  3.  5°  per  minute  of  time. 

At  moon  distances  the  rate  will  resemble  that  of  the  moon  or  approximately 
one  hr/day;  15°  per  24  hrs. ,  0.  6  mm/min.  of  time. 

For  other  values  refer  to  Figure  1-26. 

The  targets  can  usually  be  grouped  into  four  categories  involving  their  velocity: 

(a)  Low  altitude  targets  (orbiting  satellites  and  ballistic  trajectory  targets) 

100  to  2000  miles.  (3°  to  0.  l°/second) 

(b)  Medium  altitude  targets  (orbiting  satellites,  high  lob  missiles,  etc.) 

1200  to  30,000  miles.  (15°  to  l°/minute)  (15  sec/sec  to  1  ifeVsec. ) 

(c)  High  altitude  targets  (orbiting  satellites,  including  synchronous  satellites, 
moon  orbits,  etc.),  15,000  to  300,000  miles.  (l°/min.  to  sidereal  rate 
or  even  retrograde) 

(d)  Space  probes  100,000  miles  or  greater.  (At  or  near  sidereal  rates). 

Low  altitude  satellites  are  illuminated  for  only  a  few  hours  of  the  day  and  can 
be  catalogued  by  the  active  radar  network  and  thus  are  not  considered  targets  for 
Electro-Optical  surveillance,  except  as  they  would  affect  false  alarm  rate  unless 
considered.  Medium  and  high  altitude  satellites  and  space  probes  provide  a  field 
of  application  for  electro-optical  requirements/systems,  and  are  also  generally 
well  beyond  the  capabilities  of  the  most  powerful  radars.  Figure  1-26  illustrates 
the  range  of  velocities  of  orbiting  vehicles  and  space  probes. 

2.  ILLUMINATION  FACTORS 

a.  Illumination  Sources  and  Object  Size  and  Location 

A  target  or  object  in  orbit  or  on  a  ballistic  trajectory  (unless  carrying  a 
brighter  self-contained  light  or  energy  source)  normally  will  be  illuminated  by  one 
or  more  of  the  following:  the  sun,  the  moon  albedo,  the  earth  albedo,  or  a  directed 
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HtKJHT  OF  •ATtU.irC  ABOVE  f  A.ATH  IN  NAUTICAL  MILES 

Figure  1-26.  Angular  Hate  of  a  Circular  Orbit  at  Zenith  of  an  Observer 
on  Earth  (Neglecting  Earth's  Motion) 


light  beam  or  other  energy  source  (such  as  a  laser).  Since  we  are  considering  only 
passive  systems,  the  latter  possibilities  will  not  be  discussed. 

If  the  target  is  not  in  the  shadow  of  the  earth  (or  moon)  the  primary  source 
of  illumination  (for  objects  within  the  solar  system  boundaries)  will  be  the  sun,  with 
much  less  from  the  moon  or  earth  albedo. 

The  sun's  total  brightness  is  -26,8  magnitudes 

The  full  moon  is  -12.2  magnitudes 

The  earth  illuminated  (new  moon)  is  -2,0  magnitudes 
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The  luminous  intensity  of  a  specularly  reflecting  sphere  is 


(1)  I  =  a  FR2/4  where  a)  is  the  reflectance  efficiency 

F)  is  the  Incident  Radiation  (14,200  ft.  candles  irom 
the  sun  at  earth  distance) 

or  1.42  *  10"^  lumens/ftT 

R)  is  the  object  radius 

The  luminous  intensity  of  a  diffuse  sphere  with  full  phase  (0°)  illumination 
is 


(2)  2/3  a  F  E"  K  where  K  is  the  phase  function  and  is  equai  to  1 


at  full  phase  K  - 


(7T  -  <5)  cost!)  +  sinO 


The  resulting  illumination  to  the  observer  is  inversely  proportional  to  the 
square  of  its  distance  from  the  observer;  i,e. ,  E  =  l/D^  when  D  is  <<'thon  the  sun- 
earth  distance. 


The  following  table  gives  the  photo-visual  magnitudes  of  a  one  meter  radius, 
100', o  reflecting  diffuse,  full  phase  sphere  at  various  ranges  when  illuminated  by  the 
sun  and  viewed  through  one  standard  atmosphere  for  absorption  (xenith).  For  other 
elevation  angles  and  conditions,  see  Figure  1-22. 


d 

m 

d 

m 

Miles 

Photo -visual 

Miles 

Photo-visual 

100 

-0.3 

700 

3.9 

150 

+0,6 

800 

4.2 

200 

+  1.2 

900 

4.5 

250 

+1,7 

1000 

4.7 

300 

*2.  1 

1200 

5.  1 

350 

+2.4 

1500 

5.6 

400 

2.7 

2000 

6.2 

450 

3.0 

3000 

7.  1 

500 

3.2 

4000 

7.  7 

6  00 

3,6 

5000 

8.2 

See  Figure  1-27  lor  other  values. 

The  specular  sphere  is  diinmt  ”  than  a  full  phase  diffuse  sphere  by  the 
ratio  of  the  constants  2/3  and  1/4  for  formulas  1  and  2  and  thus  is  3/8 ths  (this  cor¬ 
responds  to  83.7°  phase  of  a  diffuse  sphere)  and  is  constant  regardless  of  phase. 
Thus  to  convert  from  a  full  phase  diffuse  P-  a  specular  reflector  add  1.05  mag.  and 
clo  not  correct  foe  f>  angle. 

For  greater  ranges  add  5  mag.  for  every  10  times  of  range.  See  Figure 

1-28. 
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Figure  1-27.  Photo  Visual  Magnitude  vs  Distance  for  a  1  Meter  Radius 
Sphere;  Diffuse  Reflecting  Surface,  Sun  Illuminated 
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DISTANCE  FROM  OBSERVER  IN  MILES 
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For  other  sizes: 


a  change  of  (-1-)  1.  58  in  diameter,  change  (-)  1  mag', 
a  change  of  (+)  3. 17  in  diameter,  change  (-)  2-1/2  mag. 
a  change  of  (+)  10  in  diameter,  change  (-)  5  mag. 

For  other  values,  see  Figure  1-28. 


b.  Phase  Angle  of  Illumination  (similar  to  moon  phases),  Diffuse  Sphere  Only 


The  intensity  of  reflection  ilium inaJ  ion  of  a  diffuse  sphere  is  proportional 
to  the  amount  of  illuminated  area  reflecting  toward  the  detector,  i.e. ,  the  illumina¬ 
tion  varies  with  the  phase  angle  (angle  of  illumination  source  to  object  to  observer). 

The  following  table  lists  typical  values  of  the  phase  function  (K)  and  the 
corresponding  magnitude  differences  for  various  phase  angles.  For  other  values 
refer  to  Figure  1-29. 


Phase  Angle  (0) 

20° 

40° 

60° 

83.7° 

1200 

140° 

1G0° 


Phase  Function  (K) 

.  955 

.805 

.605 

.375 

.  11 

.035 

.  005 


Add  Magnitude  (rn) 

.06 
.28 
.55 
1.  05 
2.4 
3.6 
5.8 


Illumination  or  Brightness  change  rate  can  help  identify  an  elliptical  orbit 
condition  by  the  rate  of  change  of  brightness.  However,  reflectivity  and  target  at¬ 
titude  may  overshadow  this  effect;  consequently,  it  can  not  normally  be  used. 

3.  REFLECTIVITY  FACTORS 

The  energy  reflected  (radiated  or  re-radiated)  depends  on  the  suifacs  reflec¬ 
tivity  (from  snining  metal  to  dull  black  absorption  type  paint).  The  following  table 
illustrates  corrections  for  various  reflectivities;  See  Figure  1-30. 


90% 

Add 

.  16  mag 

60% 

Add 

.  66  mag 

40% 

Add 

1.0  mag 

16% 

Add 

2.0  mag 

6.3% 

Add 

3.0  mag 

2.5% 

Add 

4.0  mag 

1% 

Add 

5.0  mag 

0.1% 

Add 

7.5  mag 

.01% 

Add 

10. 0  mag 

4.  ILLUMINATION  PERIOD 

The  period  of  day  that  a  low  altitude  satellite  is  illuminated  depends  on  its  alti¬ 
tude,  the  calendar  day  and  the  latitude  of  the  observer.  Figures  I-31A  and  I-31B 
are  typical  of  45°  and  30°  latitudes. 
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Figure  1-29.  Relative  Luminosity  of  a  Diffuse  Sphere  as  a  Function 
of  Phase  Angle  (Magnitude  Difference  Scale  Included 
for  Each  20°s  of  Phase  Angle,  Plus  Specular 
Reflector  Reference) 

Higher  altitudes  than  shown  are  illuminated  nearly  or  wholly  throughout  the 
night  hours. 

5.  SPECTRAL  RESPONSE 

The  spectral  response  depends,  of  course,  on  the  illumination  source  and  the 
body  itself.  For  the  most  part  we  are  concerned  only  with  sun  illuminated  objects. 
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reflectivity  of  surface 


Figure  1-3 1A.  Illumination  of  a  Satellite,  etc.,  45°  N.  (Sunrise  and 
Sunset  Times  for  a  Satellite  at  Various  Heights  (miles) 


mm 


mm, 


m 


l^anuSM 

iniiiiiiii 


iimiwrai 


MIDNIGHT 


+  LONGITUDE  WEST 
FOR  STANDARD  TIME  ADD 

-LONGITUDE  EAST 


OF  STANDARD 
MERIDIAN 


figure  1-318.  Illumination  of  a  Satellite,  etc. ,  30°  N.  (Sunrise  and 
■uiwet  Time*  for  a  Satellite  at  Various  Heights  (miles) 


?SewII'ith  i1ntrarfe,d  electro-optical  equipment,  the  target's  temperature  will 
establish  the  value  of  luminosity.  Thus,  each  case  should  be  checked  carefully  if 
no  specifically  defined  in  the  requirements.  The  matching  of  object  vs  background 
o  sensing  element  spectral  response  can  be  of  great  use  in  confirming  specific  ob¬ 
jects,  though  normally  the  differences  from  the  sun  spectrum  will  be  small.  IIow- 

^ffmifhLbe^nCer!!ed  With  differences  In  spectra  of  stars  to  object,  as  many 
stars  differ  in  .he  infrared  regions  though  normally  the  energy  values  are  too  low  Y 
for  satisfactory  results. 


A 


The  attitude  of  the  target  may  be  used  as  a  separation  method  but  it  is  more 
important  as  an  identification  feature,  i.e. ,  tumbling,  spinning  or  other  motion 
setting  up  periodic  variations  of  reflectivity  can  help  provide  identification  and  pur¬ 
pose  of  the  object.  The  presence  of  "Paddle  Wheels"  etc. ,  are  a  factor  especially 
in  size  and  glint  conditions  in  considering  separations  as  well  as  identification. 

7.  A  PRIORI  INFORMATION  —  ORBITAL  PARAMETERS 


Knowledge  of  type,  sizes,  drag  ratio,  orbital  parameters,  etc.,  of  expected 
and  possible  configurations  of  vehicles  will  often  aid  in  separation  of  object  as  well 
as  identification  and  classing  of  various  objects,  and  thus  this  becomes  important 
to  the  art. 

E.  PASSIVE  OPTICAL  TECHNIQUES  FOR  SEPARATING  OBJECTS 

An  introductory  discussion  of  techniques  for  separating  objects  from  a  celes¬ 
tial  background  was  given  in  Section  I-A.  The  various  passive  techniques  specifi¬ 
cally  suited  to  the  aerospace  surveillance  task  are  outlined  in  this  and  subsection 

F.  In  Section  IV,  systems  applications  of  these  techniques  are  reviewed  and  ana¬ 
lyzed  for  probable  performance. 

The  two  basic  separation  methods  are  the  Binocular  (stereo)  baseline  (two  or 
more  simultaneous  looks  to  stereo  (3D)  separate  an  object  located  between  observer 
and  the  stellar  background),  and  the  monocular  (single  station)  using  catalog  com¬ 
parison  methods;  that  is:  the  separation  of  a  new  object  from  the  celestial  environ¬ 
ment  is  by  comparison  of  the  present  with  that  of  some  interval  catalogued  in  the 
past.  The  advantages,  disadvantages  and  system  conditions  are  discussed  in  Sec¬ 
tion  IV. 

1.  BASELINE  (MULTI  SENSOR)  SEPARATION  TECHNIQUES 

Where  immediate  recognition  of  an  object  not  at  infinity  is  desired  or  »f  the 
catalogue  reference  of  a  single  site  may  not  be  sufficiently  up-to-date,  then  two 
baseline  separated  sensors  can  be  used  to  "triangulate”  and  separate  objects  from 
the  stellar  background  (infinity) :  3D  or  Stereo  Effect. 

The  two  sensors  or  sites  are  separated  on  the  earth's  surface  by  some  base¬ 
line  distance  and  operated  so  as  to  view  simultaneously  the  same  celestial  position. 
If  an  object  is  not  in  the  stellar  background  plane  but  is  at  some  finite  location  (alti¬ 
tude)  between  the  background  and  the  observ  ing  stations  it  will  be  observed  in  ^Lightly 
different  positions  relative  to  the  stellar  background.  In  the  multi-station,  baseline 
separated.  Site  (stereo)  system  this  apparent  angular  displacement  (parallax)  is  used 
as  a  basis  for  separating  the  object  from  the  celestial  background. 

2.  MONOCULAR  (SINGLE  SENSOR)  SEPARATION  TECHNIQUES 

The  monocular  or  single  sensor  separation  techniques  utilize  catalog  compari¬ 
son  methods;  i.e. ,  the  separation  of  a  new  object  from  the  celestial  environment 
is  by  comparison  of  the  preser.tjenvironment  with  that  of  some  interval  cataloged 
in  the  past.  The  interval  may  be  a  temporary  or  short  time  catalog,  for  the  delay 
interval  (M.  T.  I. )  technique,  or  a  long  time  or  nearly  permanent  catalog  for  the 
reference  techniques. 
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In  actual  equipment  functions  the  comparisons  are  made  by;  (1)  using  >  delay 
interval  of  a  present  electronic  picture  image  or  frame  with  a  similar  earlier  pic¬ 
ture  or  frame  temporarily  stored  (catalogued)  on  a  storage  tube,  magnetic  (video) 
tape,  thermoplastic  tape,  or  a  second  delayed  scanned  image  ortbicon,  etc. ;  (2)  re¬ 
cording  the  photon  output  transmitted  thru  a  special  film  negative  (taken  earlier  - 
permanent  catalog)  registered  to  cancel  the  known  environment  at  the  image  plane 
ahead  of  the  sensor;  or  (3)  reference  to  a  catalogue  of  the  known  environment  such 
as  scanning  a  film  picture  and  comparing  with  the  video  of  the  image  orthiccn 
sensor. 

Note  that  methods  2  and  3  give  instantaneous  results  much  like  the  Binocular 
or  multisensor  baseline  separated  method  in  its  stereo  analysis  for  separation. 

Note  also  that  the  stereo  analysis  is  complicated  electronically  though  simple  for 
the  human  eye  and  brain. 

a.  Delay  Interval -Temporary  Catalog  (MTI)  Technique 

One  of  the  most  direct  techniques  for  separating  objects  is  the  comparison 
of  a  present  condition  or  view  with  that  of  an  interval  cataloged  in  the  past,  the 
interval  delay  being  selected  according  to  the  relative  velocity  of  motion  of  object 
and  observer  with  respect  to  the  field  of  view  being  covered.  This  technique,  com¬ 
monly  termed  a  Moving  Target  Indication  (MTI)  Technique,  will  thus  distinguish  or 
separate  an  orbiting  object  from  a  stellar  background. 

In  the  M.T.I.  system,  the  two  views  are  compared  on  an  element  by  ele¬ 
ment  basis  and  if  the  image  signal  of  a  source  occurs  in  nearly  the  same  position 
in  both  views  it  is  considered  to  be  a  star  and  is  rejected.  If,  however,  a  signal 
*  does  not  occur  in  nearly  the  same  position  in  both  views  it  is  considered  to  be  a 
target  and  is  accepted  for  further  processing.  The  basic  technique  used  to  detect 
the  apparent  motion  is  to  store  an  image  of  the  video  signal  output  from  the  1.0 
sensor  electronics  (camera)  and  then,  while  keeping  the  "look"  position  fixed  on 
the  same  celestial  field,  electronically  compare  successive  video  images  with  the 
one  stored  and  proce?*  the  difference. 

The  picture  is  read  into  a  storage  tube  and  then  at  the  time  of  comparison 
is  read  out  and  compared.  In  this  way  the  storage  tube  linearity  and  image  orthi- 
con  linearity  is  of  no  concern.  Errors  would  occur  if  the  write -in-read -out  regis¬ 
tration  of  the  storage  tube  differs,  this  Is  generally  small.  See  Section  IV  for  fur¬ 
ther  discussion. 

b.  Film  Catalog  (Image  Plane  Cancellation)  Separation  Technique 

Object  separation  by  reference  to  an  earlier  recorded  (catalog)  reference 
can  be  accomplished  (1)  by  using  the  reference  catalog  in  the  form  of  a  film  nega¬ 
tive  introduced  between  the  collecting  element  (optics)  and  the  sensor  (I.  O.  Tube) 
to  cancel  non-moving  or  previously  present  celestial  objects  or  (2)  by  using  the 
reference  catalog  in  the  form  of  a  picture,  scanned  electronically  and  compared 
With  the  video  from  the  observing  1. 0.  equipment  for  cancellation  of  the  non-moving 
or  previously  present  celestial  objects  electronically.  Note:  both  catalogs  can  be 
up-dated  by  adding  or  removing  or  moving  known  objects  such  as  planets,  etc. 

Note:  In  method  1  the  cancellation  is  at  the  image  plane  before  the  Sensor 
whereas  in  method  2  the  cancellation  la  at  the  video  output  of  the  sensor. 
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Film  catalog  imago  plane  cancellation  technique  consists  of  a  film  negative 
placed  between  the  optics  or  collector  and  the  image  orthicon  or  sensor.  The  ob¬ 
ject  of  the  negative  is  to  prevent  the  light  from  the  stars  and  other  celestial  bodies 
from  striking  the  sensor  and  at  the  same  time  to  allow  any  light  from  satellites  or 
other  space  vehicles  to  pass  through  and  be  detected  by  the  sensor. 

The  negative  is  prepared  by  placing  an  unexposed  photographic  plate  in 
position  which  is  later  to  be  occupied  by  the  negative  and  exposing  it  to  radiation 
from  the  collecting  optics.  Upon  development,  the  areas  of  the  plate  exposed  to 
star  light  will  be  darkened  while  the  other  areas  will  remain  clear  or  nearly  so. 
This  exposed  plate  when  placed  between  the  collector  and  the  sensor  where  it  was 
exposed  will  attenuate  the  starlight  and  transmit  the  light  from  any  source  that  was 
not  in  the  background  when  the  plate  was  exposed.  See  Section  IV  for  further  dis¬ 
cussion. 


c.  Film  Catalog  (Video  Cancellation)  Separation  Technique 


Cancellation  of  the  previously  recorded  celestial  environment  can  be  ac¬ 
complished  by  scanning  a  catalog  reference  photograph  with  a  flying  spot  scanner 
and  then  comparing  this  electronic  picture  with  that  video  from  the  image  sensor 
(I.  O.  camera)  when  looking  at  a  similar  field  of  view.  Any  new  or  different  posi¬ 
tion  of  objects  from  the  referenced  photograph  would  immediately  be  apparent. 

The  technique  is  similar  in  many  respects  to  that  of  image  plane  cancella¬ 
tion  and  the  same  problems  are  experienced,  such  as  (1)  obtaining  a  good  and  com¬ 
plete  reference  catalog,  (2)  keeping  it  up-to-date  and  (3)  registration  required  for 
adequate  performance. 

In  the  case  of  registration,  the  image  plane  cancellation  problem  is  pri¬ 
marily  electro-mechanical  adjustment  for  alignment  whereas  the  video  comparison 
scheme  allows  for  electronic  servoed  alignment.  The  error  signal  source  is  the 
same  of  course,  and  is  quite  complicated  since  translation  and  rotation  are  involved. 

The  performance  of  the  video  comparison  ie  quite  similar  (possibly  better) 
since  the  relay  lens  loss  (and  film  attenuation  if  any)  is  eliminated. 

F.  SUPPLEMENTARY  TECHNIQUES 

The  prime  purposes  of  aero-space  surveillance  systems  are  to  (1)  provide  an 
alarm  for  new  objects  and  (2)  provide  orbital  prediction  data.  Of  course,  the 
sooner  and  more  accurate  the  positional  data  is,  the  better  and  more  useful  the 
predictions.  The  production  of  accurate  positional  data  from  a  surveillance  equip¬ 
ment  is  compromised  in  favor  of  improving  alarming  and  detection  probability. 

That  is,  the  field  of  view  Is  made  larger  so  as  to  cover  more  sky  in  less  time,  this 
sacrifices  positional  data  accuracy.  For  low  appearance  rates  a  supplemental  sys¬ 
tem  Involving  tracking  of  designated  or  suspicious  alarms  for  accurate  orbit  or 
trajectory  prediction  may  be  appropriate  and  a  most  practical  overall  system  net¬ 
work.  Further  discussions  are  includ  e  in  Section  IV. 
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SECTION  II.  EQUIPMENT  PARAMETERS  AND  TRADES 


A.  OPTIC  PARAMETERS  AND  MOUNT  REQUIREMENTS 


The  optics  portion  (the  lens  system)  of  any  equipment  involving  electro-optics 
or  optics  imaging  techniques  is  the  energy  collecting  and  transfer  device  between 
the  object  (including  environment)  and  sensor.  The  sensor  and  electronics  (or  film) 
is  the  detection  and/or  reading  device. 

The  performance  of  the  combination  depends  on  the  number  of  photons  collected 
from  the  target  and  background  for  each  resolution  element  in  the  total  picture  of 
imaging  area  and  is  primarily  a  function  of: 

a.  Lens  effective  area  (aperture  diameter  squared  minus  any  aperture  block¬ 
ing) 

b.  Lens  effective  focal  length  and  the  f/number 

c.  Quality  and  type  of  lens 

d.  Imaged  area  or  sensor  type  and  collecting  area 

e.  Time  per  picture  (exposure  time  or  scan  time) 

f.  Resolution  ability  and  time  per  resolution  element  (TV  lines  and  bandwidth) 

g.  Relative  angular  velocity  of  object  to  lens  axis 

The  primary  performance  lift  ltation  of  a  space  surveillance  system  is  set  by 
the  selection  and  capability  of  the  optical  lens  system  and  the  brightness  of  the  night 
sky  background.  The  lens  ''speed"  i*  maximized  to  get  a  large  collecting  aperture 
together  with  a  wide  field  of  view,  howe’ver,  the  focal  length  cannot  be  made  too 
large  otherwise  the  integrated  energy  p< "  sensor  resolution  element  area  of  the  faster 
moving  small  objects  will  not  be  sufficient  for  detection  for  the  allowable  time;  that 
i3,  the  sky  must  be  covered  tonight;  economically: 

The  aperture  size,  focal  length  and  lens  optical  quality  needed  also  depends  nn 
the  detector  type,  size  and  sensitivity  (speed)  and  the  flux  density  of  the  target  to 
be  detected  or  resolved  in  a  given  background  and  Held  of  view.  The  flux  density 
of  target  may  be  (1)  concentrated  In  a  point  source,  (J)  spread  over  an  2rea  due  to 
its  being  resolved,  or  (3)  spread  over  a  length  due  to  target  motion.  Thus  we  have 
tl  ree  distinct  conditions  or  cases  to  analyze  in  selecting  a  lens,  Before  taking  up 
these  cases  in  detail  a  few  paragraphs  on  optical  fundamentals  seem  in  order. 

1.  RESOLVING  POWER  OF  A  LENS 

Two  equal  intensity  points  can  be  distinguished  as  separate  when  their  diffrac¬ 
tion  disk  images  formed  on  the  retina  (cr  sensor)  do  not  overlap  more  than  the  half 
power  radius  of  one  of  the  disks.  Hence  the  theoretical  limit  of  resolution  is  the 
half  power  diameter  of  a  single  disk  image  at  the  lens  image  plane,  for  Images  of 
about  the  same  Intensity. 


9  -  Angular  limit  of  resolution  m  radians  = 


i .  22  A 


A  =  Wavelength  of  light 


D  :  diameter  of  the  lens 


o  4  56  /'“N 

For  5500A  and  D  in  inches  this  becomes  —  -  d  in  secs 

No  matter  1  ow  perfectly  the  aberrations  of  a  lens  (lens  system)  are  corrected, 
the  image  of  a  point  object  can  never  be  a  point,  but  rather  a  small  diffraction 
disk  (Airy  disk).  To  minimize  the  physical  size  of  the  disk,  the  lens  diameter 
(aperture)  must  be  maximized  and  the  focal  length  minimized.  In  addition  to  lens 
optical  design  factors  the  size  of  the  disk  is  a  function  of  wavelength  and  the  wave 
character  of  the  incoming  light. 

In  making  larger  lenses,  it  is  increasingly  difficult  to  grind  them  precisely 
and  thus  this  diffraction  limit  is  less  likely  to  be  approached  in  practice.  For  in¬ 
stance,  a  good  5"  lens  can  reach  the  diffraction  limit  of  0.  9  £ec  in  separating  two 
similar  brightness  point  sources.  However,  a  24"  lens  will  be  more  nearly  0.33 
to  0.4  sec  rather  than  the  0.2  £ec  diffraction  limit.  The  single  edge  of  a  spread 
resolved  object  will,  of  course,  be  1/2  of  this  angle  and  if  the  contrast  at  the  edge 
is  sharp  (around  100%)  and  the  signal  to  background  is  high,  then  the  edge  will  be 
defined  to  about  l/3  or  1/4  of  the  arc  limit  for  separating  two  similar  brightness 
point  sources.  Thus,  for  a  high  performance  high  resolution  system,  resolution 
element  size  (grain  size,  no.  of  TV  lines,  etc. )  should  be  selected  at  1/3  to  l/4 
the  lens  resolution  limit  for  2  point  sources.  Also,  there  is  no  point  in  going  any 
smaller  as  the  len.c  limit  will  diffuse- edges  and  points  to  these  values. 

The  above  paragraphs  assumed  a  lens  of  such  optical  quality  that  all  other  lens 
errors  were  less  than  the  diffraction  limit,  which  is  not  always  possible  in  practice. 
The  following  discussion  of  aberrations  of  lens  or  lens  system,  treats  some  of 
these  errors.  The  optical  systems  engineer  and/or  designer  compromises  and 
trades  one  factor  for  another  of  the  separate  aberration  conditions  and  chromatic 
variations  in  meeting  the  requirements  of  particular  applications.  The  aberrations 
are  interdependent  and  correction  of  one  may  aggravate  or  even  reduce  another. 

Am  long  as  he  has  a  sufficient  number  of  variables  to  work  with  (kind  of  glass,  type 
of  lens,  system  configuration,  f/number,  focal  length,  aperture,  stops,  etc.)  he 
etn  attain  a  reasonably  good  lens  for  a  given  requirement. 

Thus,  lens  specifications  should  be  written  more  in  terms  of  requirements  at 
the  focal  plane  or,  better  yet,  the  sensor  surface  and  then  if  the  designer  chooses, 
for  example,  to  stop  down  a  larger  diameter  to  meet  other  requirements  he  will 
have  such  freedom.  Obviously,  such  complete  freedom  is  not  always  practical, 

SO  the  optical  designer  and  equipment  engineer  will  need  to  cooperate  for  making 
the  best  trades  for  successful  and  economical  application. 

The  following  discussion  of  aberration  of  lenses  is  condensed  from  tie  die* 
cuseion  In  the  O.  E.  Option!  Engineering  Handbook  (i)  flection  I. 


(1)  J.  A.  Mauro,  G.  E.  Optical  Fngl— oring 
Dept. ,  Scranton,  Pa. ,  lflflfl. 


Handbook,  G.  2.  Publication, 


2.  ABERRATION  OF  LENSES 


There  are  seven  classical  aberrations  defined  for  an  optical  system  plus 
chromatism  and  achromatism.  The  monochromatic  aberrations  are: 

1.  Spherical  aberration 

2.  Coma 

3.  Astigmatism 

4.  Curvature  of  field 

5.  Distortion  chromatic  aberration 

6.  Longitudinal 

7.  Lateral 

a.  Chromatism 

Most  optical  materials  have  an  index  of  refraction  that  changes  with  wave¬ 
length.  Since  the  index  of  refraction  determines  the  focal  length  of  a  refracting 
surface,  the  focus  point  varies  for  different  wavelengths  (color)  of  light.  This 
action  is  demonstrated  by  a  prism  in  separating  a  beam  of  light  into  its  spectrum . 

This  effect  permits  analyzing  a  light  source  but  it  is  a  very  undesirable 
aberration  in  an  optical  system.  Thus,  in  a  single  refracting  lens,  unless  the 
source  is  monochromatic,  the  image  of  a  point  source  cannot  be  a  point  but  rather 
a  composite  of  blurred  circles  of  different  magnifications  forming  a  halo  of  colors 
about  the  image  point,  depending  on  An  wavelengths  of  light  from  the  source. 

b  Achromatism 

To  correct  chromatism  a  combination  of  two  or  more  kinds  of  glass 
(Flint  and  Crown)  with  different  refractive  indices  and  d’spersions  are  selected. 

By  selecting  different  curvatures  and  thickness  with  the  difference  indices  a  lens 
system  with  the  right  focal  length  can  be  calculated  so  the  individual  dispersions 
will  "cancel". 

Chromatic  aberration*  do  not  exist  is  optic  system*  employing  mirror 
surfaces  since  mirror  optics  do  not  iso  the  Index  of  rofroctlon  to  form  an  image. 

c.  Spherical  Aberrations 

Light  rays  from  a  spc^e  point  source  will  come  to  the  focal  point  if  they 
are  close  to  the  principal  axis  paraxial  region).  However,  as  the  distance  off  axis 
is  increased,  the  more  the  rays  are  refracted  in  passing  through.  These  marginal 
rays  cross  the  principal  axis  closer  to  the  lens  than  the  ideal  focal  point.  The  dif¬ 
ference  in  focus  point  of  the  marginal  rays  to  the  paraxial  rays  is  the  spherical 
aberration.  It  is  positive  for  a  converging  lens  and  negative  for  a  diverging  lens 
and  increases  as  the  square  oi  the  aperture.  By  combining  lens  of  different  re¬ 
fracting  power,  spherical  aberration  can  be  corrected. 

It  is  also  possible  to  eliminate  spherical  aberration  in  an  achromatic  lens 
while  still  retaining  the  ratio  of  total  curvature*  of  the  two  elements  required  for 
chromatic  correction.  Although  the  condition  for  achromatism  and  the  required 
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focal  length  completely  define  the  total  curvature  of  the  two  glasses  that  make  up 
the  achroinat,  they  put  no  restrictions  upon  the  distribution  of  these  curvatures  over 
the  two  surfaces  of  each  element.  Thus  an  infinite  number  of  lenses  are  possible 
with  a  given  pair  of  glasses,  and  among  them  are  those  curvatures  that  are  required 
for  the  correction  of  spherical  aberration.  The  process  of  changing  or  redistribu¬ 
ting  the  curvature  of  a  lens  without  changing  its  focal  length  is  known  as  "bending" 
a  lens. 


d.  Lens  Bending 

By  changing  the  radii  of  the  two  surfaces  of  a  lens  the  spherical  aberration 
can  be  reduced  to  a  minimum,  but  cannot  be  made  to  disappear  entirely.  This  is 
shown  by  drawing  a  graph  using  the  shape  factor  "q"  which  is  defined  as: 


where  r1  and  r2  =  radii  of  the  lens  surfaces. 

e.  Aspherizing 

Aspherizing  is  the  process  of  modifying  one  or  more  spherical  surfaces 
in  an  optical  system  to  compensate  for  spherical  aberration. 

f.  Extra-Axial  Points 


For  objects  points  off  the  principal  axis,  called  extra-axial,  additional 
aberrations  become  troublesome  in  the  formation  of  optical  imagery  and  steps  must 
be  taken  to  correct  them,  as  was  shown  for  chromatic  and  spherical  aberrations. 
When  defining  these  aberrations  let  us  consider  monochromatic  light,  as  in  the 
case  of  spherical  aberration.  Since  white  light  is  made  up  of  the  wavelengths  of  all 
colors,  an  image  of  an  ordinary  point  source  would  contain  a  summation  of  indivi¬ 
dual  aberrations  for  every  wavelength  «nMdh|  CM  the  source.  Hence,  mono¬ 
chromatic  light  is  chosen  for  staapiidty. 

g.  Astigmatism 

A  monochromatic  extra-axial  point  source  sends  off  radiation  that  strikes 
a  lens  obliquely.  After  refraction  such  a  point  forms  either  a  line  or  a  blurred 
ellipse  as  an  image  Instead  of  a  point,  a  phenomenon  that  is  known  as  astigmatism. 
If  a  fan  of  rays  emanating  from  an  object  strikes  the  lens  vertically,  in  the  so- 
called  primary  or  tangential  plane,  it  comes  to  a  focus  at  one  point.  If  the  fan  of 
rays  strikes  the  lens  horizontally,  however,  in  the  so-called  secondary  or  sagittal 
plane,  It  comes  to  a  focus  at  another  point.  (The  primary  and- secondary  planes  are 
taken  perpendicular  to  each  other.)  Each  possible  fan  of  rays  emanating  from  the 
same  source  and  striking  the  lens  between  these  two  defining  planes,  thus,  will 
find  corresponding  positions  between  these  points. 

If  a  screen  is  placed  at  the  first  point  it  will  show  a  short  horizontal  line 
as  the  image  of  the  point.  If  the  screen  is  moved  toward  the  second  point,  this 
image  line  changes  first  into  an  ellipse  and  then  into  a  circle.  As  the  screen  is 
moved  further  toward  the  second  point,  the  circle  changes  into  a  vertical  ellipse 
whoee  major  axle  taeveaeee  aad  mlaor  axis  decreases  until  finally  a  straight 
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vertical  line  is  formed  at  the  second  point.  Hence,  the  object  is  not  represented  by 
an  image  point  anywhere  in  the  image  space.  The  difference  between  the  image 
points  is  called  the  astigmatic  difference  and  the  round  disk  or  circle  formed  between 
the  points  is  called  the  circle- of  least  confusion. 

Unless  astigmatism  is  corrected  in  an  optical  design,  the  definition  of  the 
image  will  be  reduced.  Note  that  there  is  no  astigmatism  for  images  formed  on  the 
principal  axis.  Also,  while  astigmatism  is  independent  of  the  aperture  of  the  lens 
system,  it  varies  with  the  image  height  from  the  principal  axis. 

h.  Curvature  of  Field 


The  positions  of  the  tangential  and  sagittal  foci  may  be  plotted  for  object- 
point  rays  striking  the  lens  at  varying  angles.  The  plot  of  these  focal  points  will 
form  curved  surfaces.  The  tangential  surface  will  almost  always  have  the  greatest 
curvature.  If  there  was  no  astigmatism  the  tangential  and  sagittal  foci  would  coin¬ 
cide,  and  the  image-points  would  lie  on  a  curved  surface  called  the  Petzval  surface. 
The  Petzval  surface  is  also  commonly  known  as  the  curvature  of  field,  and  uncor¬ 
rected  is  a  cubic  function  of  the  angle  off  axis.  The  Petzval  curvature  is  present 
even  after  astigmatism  has  been  corrected.  Hence,  if  a  flat  screen  were  placed  at 
the  axis  focal  point  the  image  would  appear  sharp  only  in  the  center  of  the  field  ard 
would  be  out  of  focus  toward  the  edges.  Petzval  curvature  may  be  positive  or  nega¬ 
tive.  With  the  proper  combination  of  positive  and  negative  lenses  a  flat  anastigmatic 
field  can  be  obtained. 

i.  Distortion 


Common  forms  of  image  distortion  produced  by  lenses,  after  all  other 
aberrations  are  reduced  almost  to  zero,  are  pin  cushioning  and  barrelling.  If  the 
Image  point  makes  an  anglular  change  greater  than  the  corresponding  object  point 
for  each  position  away  from  the  principal  axis,  a  distorted  image  oi  a  square  grid 
will  be  formed.  The  lens  is  then  said  to  have  negative  or  pincushion  distortion.  On 
the  other  hand,  if  the  image  point  makes  an  angular  change  smaller  than  the  cor¬ 
responding  object  point  for  each  position  away  from  the  principal  axis,  the  image 
of  the  square  wire  grid  would  be  distorted,  and  said  to  have  positive  or  barrel  dis¬ 
tortion.  It  is  to  be  noted  that  distortion  is  a  cubic  function  of  the  image  height,  but 
is  independent  of  the  aperture  size. 

The  difference  between  the  ideal  position  of  the  image  point  and  its  actual 
position  with  respect  to  the  axis  is  taken  as  a  measure  of  the  distortion,  It  specifi¬ 
cally  refers  to  the  circular  ring  or  zone  around  the  principal  axis  and  in  the  plane 
of  the  image.  Distortion  in  measured  in  percentage  and  defined  by  the  following 
equation: 


Percent  Distortion  = 


x  100 


where 

h'  -  Magnification  of  actual  image 

h  =  Magnification  of  ideal  image 
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Image  distortion  affects  only  the  relative  locations  of  the  various  image 
points  with  respect  to  the  principal  axis.  Since  all  these  points  lie  in  the  same 
plane  perpendicular  to  the  principal  axis,  image  distortion  does  not  affect  sharpness. 

j.  Coma 

Coma  is  the  irregular  shape  of  the  im  »ge  area  for  point  objects  located 
just  off  the  principal  axis  and  is  the  most  objectionable  of  the  oblique  aberrations. 
While  an  astigmatic  image  is  blurred,  it  is  nevertheless  symmetrical  about  its 
axis  or  principal  ray.  In  the  case  of  coma,  however,  there  is  no  indication  where 
the  image  center  should  be. 

A  comatic  image  will  be  obtained,  when  the  principal  ray  strikes  the  image 
plane  either  above  (positive  coma)  or  below  (negative  coma)  the  focus  of  the  edge 
rays. 

The  cone  of  rays  through  each  *cne  of  the  lens  comes  to  a  focus  as  a  cir¬ 
cle  rather  than  a  point.  The  largest  circle  (at  the  bottom)  contains  the  foci  of  all 
rays  passing  through  the  outer  most  zone.  The  smaller  circles  (near  the  top)  are 
formed  by  rays  passing  through  successively  smaller  zones  of  the  lens.  The  small¬ 
est  (top)  circle  is  actually  a  point  at  ihe  vertex  of  the  figure  and  contains  the  princi¬ 
pal  ray  through  the  center  of  the  lens.  When  a  comatic  image  is  viewed  it  appears 
as  a  varying  intensity  cone  because  more  light  is  concentrated  toward  the  vertex  of 
the  figure  than  toward  the  lower  end. 

It  is  evident  that  image  points,  on  the  principal  axis  have  no  coma.  As  the 
field  is  increased,  however  ,  by  selecting  image  points  farther  off,  the  axis  coma 
increases  quite  rapidly.  The  comet-shaped  Image  grows  as  the  square  of  the  aper¬ 
ture  and  directly  with  the  distance  between  the  object  point  and  the  principal  axis. 
8ince  coma  ia  a  function  of  the  shape  of  the  lens,  it  can  usually  ba  reduced  by  cor¬ 
recting  the  lens  curvature,  i.  e. ,  by  bending. 

k.  Transverse  Chromatic  Aberration 

Another  oblique  aberration,  known  as  transverse  chromatic  aberration  or 
lateral  color,  la  the  result  of  a  variation  of  the  magnification  with  the  wavelength 
of  light.  TEis  aberration  exists  even  when  a  system  has  been  chromatically  cor¬ 
rected  for  axial  points.  Its  effect,  is  to  produce  tiny  spectra  arranged  radial; ' 
around  the  principal  axis.  Transverse  aberration  is  measured  in  terms  of  the  dif¬ 
ference  in  image  sizes.  It  does  not  exist  at  all  for  axial  Image  points  and  does  not 
vary  with  aperture.  All  the  wavelengths  meet  at  tba  focus  point  after  correction, 
nevertheless,  the  magnification  of  imago*  varies  with  wavelength,  thus  a  tiny  spec¬ 
tral  array  will  be  imaged  for  each  object  point. 

l.  Lens  Correction 

Since  oblique  (extra-axial)  aberrations  vary  with  the  distance  of  the  object 
point  from  the  principal  axis  and  with  the  aperture,  they  become  troublesome  in 
the  case  of  systems  with  a  wide  field  of  view  or  large  apertures.  These  conditions 
are  particularly  prevalent  in  camera  lenses,  and  the  difficulty  in  correcting  the 
aberrations  readily  explains  why  they  are  so  expensive.  Most  telescopic  systems 
have  a  rather  small  field  of  view  and  a  fairly  small  aperture,  and,  therefore  are 
not  greatly  troubled  by  aberrations  due  to  extra -axial  image  points. 


It  is  impossible  to  coiTect  an  optical  system  for  all  aberrations  for  more 
than  one  specified  object  point.  Apparently  this  would  eliminate  the  possibility  for 
any  appreciable  depth  of  field  (range  of  object  distances  for  which  sharp  definition 
can  be  obtained).  It  should  be  remembered,  however,  that  it  is  unnecessary  to  re¬ 
move  all  aberrations  completely.  Aberrations  need  only  be  reduced  to  the  magni¬ 
tudes  tolerable  in  the  required  usage  of  the  instrument. 

3.  CAMERA  LENS  SYSTEMS 

Camera  lens  systems  differ  from  other  types  in  the  requirement  for  producing 
relatively  large  images  on  flat  surfaces,  that  is,  they  must  deliver  a  flat,  as  well 
as  a  large,  image  field.  Consequently,  camera  lenses  must  be  highly  corrected  for 
curvature  of  field,  astigmatism,  coma,  distortion,  and  transverse  chromatic  aber¬ 
ration.  A  small  amount  of  spherical  aberration  can  be  tolerated,  however,  inas¬ 
much  as  the  grain  of  the  photographic  emulsion  or  resolution  element  size  of  the 
sensor,  itself  limits  resolution  of  the  finest  detail.  In  order  to  obtain  accurate  re¬ 
production  of  the  image  adjustable  focusing  must  be  used. 

Other  factors  determining  the  quality  of  image  reproduction  are  the  brightness 
of  the  object,  the  amount  of  light  that  is  allowed  to  pass  through  the  lens,  and  the 
sensitivity  of  the  photographic  film,  or  sensor. 

a.  Focal  Ratio  or  f/Number 

2 

The  amount  of  light  in  lumens/cm  that  a  lens  objective  delivers  to  the 
image  plane  is  determined  by  Its  focal  ratio  or  f/number  (symbolized  f/).  It  may 
be  expressed  simply  as 

foca,  ratio  or  r/autnber  «/)  - 

Thus,  a  focal  ratio  of  f/l.  5  means  that  the  focal  length  Is  1. 5  times  the  size  of  the 
entrance  pupil.  (The  amount  of  light  is  also  proportional  to  the  exposure  time. ) 

If  the  focal  length  is  constant,  the  focal  ratio  (or  f/number)  increases  as 
the  entrance  pupil  is  decreased,  or  conversely,  the  focal  ratio  decreases  as  the 
entrance  pupil  is  increased.  An  adjustable  diaphragm,  of  course,  permits  chang¬ 
ing  the  f/number  as  desired.  However,  the  rating  given  to  a  lens  always  refers  to 
the  largest  available  opening  of  the  diaphragm. 

Speed.  The  focal  ratio  of  a  lens  Is  commonly  called  its  speed,  although  the 
relation  between  them  is  actually  Inverse.  The  relationship  between  focal  ratio 
and  speed  arises  from  the  fact  that  Increasing  the  size  of  the  entrance  pupil  (that 
is,  decreasing  the  f/number)  increases  the  brightness  of  the  image  and,  conse- 
quently,  cuts  down  the  time  required  to  record  the  image  on  the  plate.  The  smaller 
the  f/number.  therefore,  the  greater  is  the  speed  of  the  lens.  Hence,  an  i/ 175 
lens  Is  fast  compared  with  an  f/ 8  lens.  For  an  infinitely  distant  object,  the  amount 
of  light  falling  on  the  film  (and  hence  the  speed)  is  inversely  proportional  to  the 
square  of  the  f/number.  The  stopping  device  in  a  lens  takes  the  form  of  an  adjust¬ 
able  iris  diaphragm  between  the  lens  elements  which  can  be  set  to  the  desired  f/ 
number  marked  on  a  scale.  The  scale  in  common  use  is  marked  f/2,  f/2.8,  f/4, 
f/5.6,  f/8,  f/ll.3,  etc.  Since  these  numbers  increase  by  >f2  for  each  step*  stop¬ 
ping  down  to  the  next  number  entails  doubling  the  exposure  time,  to  collect  the  same 
number  of  photons . 
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b.  Depth  of  Focus 


Another  effect  of  stopping  down  a  lens  is  to  increase  the  depth  of  focus. 

It  can  be  shown  that  with  a  sufficiently  small  aperture,  the  depth  of  focus  can  be 
increased  to  such  an  extent  that  all  objects  at  a  distance  from  the  lens  between  a 
few  feet  and  infinity  would  appear  equally  sharp  on  the  negative  and  a  focusing  de¬ 
vice  would  not  be  necessary.  Such  conditions  actually  hold  for  box  cameras.  How¬ 
ever,  the  depth  of  focus  increases  not  only  with  increasing  f/numbers,  but  also 
with  increasing  object-to-lens  distance  and  decreasing  focal  length  of  the  lens. 

Hence,  to  make  a  suitable  compromise  between  depth  of  focus  and  speed,  the  major¬ 
ity  of  lens -sensor  equipment  designed  for  serious  work  must  be  provided  with  focus¬ 
ing  device  provision. 

c.  Total  Angular  Field  of  View 

The  total  angular  field  for  a  lens  with  a  given  focal  length  is  limited  by 
the  required  corrections  of  lens  aberrations,  and  determines  the  useful  frame  size 
of  a  lens.  Conversely,  the  frame  size  employed  by  a  particular  sensor  or  photo¬ 
graphic  plate  area  limits  the  total  angular  field  of  view  for  a  lens  of  a  given  focal 
length.  Consequently,  aberrations  and  poor  definition  are  introduced  beyond  these 
boundaries  if  the  lens  is  used  with  a  larger  frame  size.  Usually  this  angle, 6,  is 
calculated  from  the  diagonal,  D,  of  the  frame  and  focal  length  (FL). 

The  total  angular  field  for  any  lens,  noting  the  focal  length  and  the  frame 
size  can  be  obtained  from  Figure  II— 1.  Curves  showing  focal  length  versus  total 
angular  field  of  view  have  been  plotted  for  diagonals  of  various  film  or  sensor  sizes. 
By  using  the  diagonal  curve  for  the  film  size  desired,  the  total  angular  field  of  view 
can  be  determined  for  a  lens  of  known  focal  length . 

4.  THE  POINT  SOURCE  TARGET  CASE  (NON -MOVING)  (CASE  1) 

In  the  case  of  stars,  and  other  targets,  which  can  be  considered  point  objects; 
the  amount  of  energy  concentrated  at  the  image  plane  of  a  lens  system  is  propor¬ 
tional  to  the  collecting  area  or  aperture  (the  square  of  the  aperture  diameter  (D)2). 

The  field  of  view  of  the  lens  system  is  set  by  the  focal  length  and  the  size  of 
image  plane  utilized  (Sfnaor  size).  For  a  given  sensor  size,  the  field  of  view  varies 
inversely  with  the  focal  length,  i.e. ,  the  longer  the  focal  length  the  smaller  the 
field  of  view. 

The  smallest  portion  of  a  given  field  of  view  that  can  be  resolved  (resolution 
element  angular  size)  depends  on  the  lens  optical  quality  and  sensor  ability.  In 
the  case  of  film,  it  is  a  function  of  grain  size;  in  the  case  of  an  electronically  scan¬ 
ned  detector,  it  depends  on  the  resolution  capability  of  the  image  section,  spot  size 
of  the  beam  and  the  number  of  scan  lines.  As  we  go  to  smaller  fields  of  view  with 
the  same  detector  size,  a  single  detector  resolution  element  sees  a  smaller  look 
angle,  up  to  a  limit;  the  absolute  limit  is  the  Rayleigh  or  diffraction  limit  for  that 
size  of  aperture.  See  Section  II-A-1.  The  practical  limit  is  a  larger  angle  depend¬ 
ing  on  the  lens  optical  quality,  or  the  atmosphere,  wjiichever  limits  first.  For  all 
cases  where  the  resolution  element  is  more  than  1  sec2,  the  celestial  background 
brightness  values  selected  must  be  increased  accordingly.  Thus,  if  the  smallest 
resolvable  element  is  10  sec  x  io  sec  or  100  sec2  of  arc,  the  background  light  on 
etch  resolution  element  amounts  to  100  times  or  -5  magnitudes.  Thus,  if  we  are 
using  21  l/2m/ae^2  for  a  clear  sky  Iocs' Ion,  this  would  increase  to  16  l/?  m  per 


resolution  element  for  our  equipment.  See  Figure  II-2  for  apparent  background 
brightness  increase  vs  resolution  element  area  for  other  values.  Also  see  Figure 
11-34,  showing  brightness  increase  and  resolution  element  size  vs  focal  length.  A 
resolution  element  can  be  defined  or  limited  by  incoming  object  angle  size  at  focal 
plane  (atmospheric  perturbations  diffraction,  etc. )  or  limited  or  defined  by  image 
physical  size,  capability  of  sensor  (film  grain  size,  number  of  scan  lines,  beam 
diameter,  etc.). 

Since  the  resolvable  element  angular  view  area  varies  inversely  with  the  square 
of  the  focal  length,  the  amount  of  background  energy  competing  with  the  target  sig¬ 
nal  can  be  reduced  by  increasing  focal  length  (l/F2);  that  is,  the  background  energy 
is  spread  out  by  changing  focal  length  (looking  at  a  smaller  portion  of  sky  area), 
whereas  the  target  energy  remains  as  a  point  source  and  is  not  spread  out.  Thus 
the  longer  the  focal  length,  the  smaller  the  background  energy  per  resolution  ele¬ 
ment  and  the  better  the  signal  to  background  until  the  point  soui  .e  image  starts  to 
spread  either  (1)  because  it  starts  to  be  resolved,  or  (2)  because  of  lens  minimum 
optical  resolution  limit  is  reached  (diffraction  limit  or  aberration  correction  limit) 
or  (3)  due  to  the  atmospheric  spreading  of  the  point  target  being  imaged. 

The  exposure  needed  for  a  given  threshold  level  for  a  point  source  is  not  de¬ 
pendent  on  focal  length,  but  is  proportional  to  the  collecting  aperture  area  (D)2  of 
the  lens,  as  long  as  the  focal  length  is  long  enough  so  that  the  background  energy  per 
resolution  unit  is  small  compared  to  the  signal  energy.  Thus,  the  point  source  flux 
is  proportional  to  (D)2  and  the  background  flux  density  varies  with  (D/F)2. 

Similar  to  the  control  of  signal  energy  vs  background  by  focal  length  is  control 
by  changing  the  size  of  the  resolution  element  by  use  of  a  higher  resolution  sensor, 
as  long  as  the  resolution  element  size  Is  still  larger  than  the  point  source  optical 
image. 

There  is  a  point,  in  the  other  direction,  where  a  single  resolution  element 
gets  so  large  that  the  background  energy  begins  to  restrict  the  performance,  (f/ 
number  is  defined  as  ratio  of  F/D.)  Therefore,  as  the  f/number  is  decreased,  a 
point  is  reached  where  the  background  light  will  become  so  large  that  the  sensor 
elements  are  saturated  with  background.  In  this  case,  if  the  sensor  resolution  can 
be  increased  the  background  light  would  no  longer  be  saturating  because  it  is  spread 
out  more  and  thus  the  system  detection  performance  would  be  improved.  For  ex¬ 
ample,  with  a  fast  lens  <  f/2  such  as  f/0.  9,  on  a  bright  night,  or  in  the  Milky  Way, 
a  1200  line  system  will  out-perform  a  500  or  200  line  system. 

5.  THE  DISTRIBUTED  TARGET  CASE  (CASE  2) 

The  extent  (field  of  view)  of  a  scene  of  distributed  target  imaged  by  a  lens  sys¬ 
tem  Is  inversely  proportional  to  the  focal  length  (similar  to  background  iu  the  first 
case).  But  the  amount  of  energy  in  a  given  scene  is  constant;  therefore  if  we  look 
at  less  area  of  the  scene  (or  spread  a  resolved  target  out  further)  by  increasing 
focal  length,  each  resolution  element  area  will  receive  (see)  proportionally  less 
energy  by  (l/F2).  If  we  increase  the  area  of  aperture,  the  available  flux  at  the 
image  plane  will  increase  proportionally  as  before.  Thus  for  extended  sources, 
the  available  flux  density  at  the  sensor  resolution  elements  (exposure)  is  a  function 
of  D2/F2  or  the  inverse  square  of  the  f/number.  It  is  constant  as  long  as  the 
f/number  (F/D)  is  constant  (the  case  of  photography).  Also  a  faster  lens  (smaller 
f/number)  allows  darker  scenes  to  be  viewed  or  photographed  with  a  given  sensi¬ 
tivity  (speed)  of  the  sensor. 
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b.  Depth  of  Focus 


Another  effect  of  stopping  down  a  lens  is  to  increase  the  depth  of  focus. 

It  can  be  shown  that  with  a  sufficiently  small  aperture,  the  depth  of  focus  can  be 
increased  to  such  an  extent  that  all  objects  at  a  distance  from  the  lens  between  a 
few  feet  and  infinity  would  appear  equally  sharp  on  the  negative  and  a  focusing  de¬ 
vice  would  not  be  necessary.  Such  conditions  actually  hold  for  box  cameras.  How¬ 
ever.  the  depth  of  focus  increases  not  only  with  increasing  f/numbers,  but  also 
with  increasing  object-to-lens  distance  and  decreasing  focal  length  of  the  lens. 

Hence,  to  make  a  suitable  compromise  between  depth  of  focus  and  speed,  the  major¬ 
ity  of  lens -sensor  equipment  designed  for  serious  work  must  be  provided  with  focus¬ 
ing  device  provision. 

c.  Total  Angular  Field  of  View 

The  total  angular  field  for  a  lens  with  a  given  focal  length  is  limited  by 
the  required  corrections  of  lens  aberrations,  and  determines  the  useful  frame  size 
of  a  lens.  Conversely,  the  frame  size  employed  by  a  particular  sensor  or  photo¬ 
graphic  plate  area  limits  the  total  angular  field  of  view  for  a  lens  of  a  given  focal 
length.  Consequently,  aberrations  and  poor  definition  are  introduced  beyond  the s<. 
boundaries  if  the  lens  is  used  with  a  larger  frame  size.  Usually  this  angle, 9,  is 
calculated  from  the  diagonal,  D,  of  the  frame  and  focal  length  (FL). 

The  total  angular  field  for  any  lens,  noting  the  focal  length  and  the  frame 
size  can  be  obtained  from  Figure  II— 1.  Curves  showing  focal  length  versus  total 
angular  field  of  view  have  been  plotted  for  diagonals  of  various  film  or  sensor  sizes. 
By  using  the  diagonal  curve  for  the  film  size  desired,  the  total  angular  field  of  view 
can  be  determined  for  a  lens  of  known  focal  length . 

4.  THE  POINT  SOURCE  TARGET  CASE  (NON-MOVING)  (CASE  1) 

In  the  case  of  stars,  and  other  targets,  which  can  be  considered  point  objects; 
tbs  amount  of  energy  concentrated  at  the  image  plane  of  a  lens  system  is  propor¬ 
tional  to  the  collecting  area  or  aperture  (the  square  of  the  aperture  diameter  (D)2). 

The  field  of  view  of  the  lens  system  is  set  by  the  focal  length  and  the  size  of 
image  plane  utilized  (sfnsor  size).  For  a  given  sensor  size,  the  field  of  view  varies 
Inversely  with  the  focal  length,  i.e. ,  the  longer  the  focal  length  the  smaller  the 
field  of  view. 


The  smallest  portion  of  a  given  field  of  view  that  can  be  resolved  (resolution 
element  angular  size)  depends  on  the  lens  optical  quality  ai  d  sensor  ability.  In 
the  case  of  film,  It  is  a  function  of  grain  size;  in  the  case  of  an  electronically  scan¬ 
ned  detector,  it  depends  on  the  resolution  capability  of  the  image  section,  spot  size 
of  the  beam  and  the  number  of  scan  lines.  As  v/e  go  to  smai'er  fields  oi  view  with 
the  same  detector  size,  a  single  detector  resolution  element  sees  a  smaller  look 
angle,  up  to  a  limit;  the  absolute  limit  is  the  Rayleigh  or  diffraction  limit  for  that 
size  of  aperture.  See  Section  II-A-1.  The  practical  limit  is  a  larger  angle  defend¬ 
ing  on  the  lens  optical  quality,  or  the  atmosphere,  whichever  limUs  first  For  all 
cases  where  the  resolution  element  is  more  than  1  sec2,  the  celestial  background 
brightness  values  selected  must  be  increased  accordingly.  Thus,  If  the  smallest 
resolvable  clement  is  10  sec  x  io  sec  or  10U  sec2  of  arc,  the  background  light  o. 
each  resolution  element  amounts  to  100  times  or  -5  magnitudes.  Thus,  if  wc  are 
using  21  l/2m/»sfe2  for  a  clear  sky  location,  this  would  increase  to  16  1/2  m  per 
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Figure  II  1.  Total  Angular  Field  of  View  vs  Focal  Length  for  Typical  Image 


resolution  element  ^or  our  equipment.  See  Figure  Il-ii  for  apparent  background 
brightness  :«erea se  ve  resolution  element  area  for  other  values.  Also  see  Figure 
II-3!,  showing  brightness  increase  and  resolution  element  size  vs  focal  length.  A 
resolution  element  can  be  <(ertined  or  limited  by  incoming  object  angle  size  at  focal 
plane  (atmospheric  perturbations  diffraction,  etc.  )  or  limited  or  defined  by  inrage 
physical  size,  capability  of  sensor  (film  grain  size,  somber  of  scan  lines,  beam 
diameter,  etc.). 

Since  the  resolvable  element  angular  view  area  varies  inversely  with  the  square 
of  the  focal  length,  the  amount  of  background  energy  competing  with  the  target  sig¬ 
nal  can  be  reduced  by  increasing  focal  length  ( 1/ F2) ;  that  is,  the  background;  energy 
is  spread  out  by  changing  focal  length  (looking  at  a  smaller  portion  of  sky  area), 
whereas  the  target  energy  remains  as  a  point  source  and  is  not  spread  out.  Thus 
the  longer  the  tocal  length,  the  smaller  the  background  energy  per  resolution  ele¬ 
ment  and  the  better  the  signal  to  background  until  the  point  source  image  starts  to 
spread  either  (1)  because  it  starts  to  be  resolved,  or  (2)  because  of  lens  minimum 
optical  resolution  limit  is  reached  (diffraction  limit  or  aberration  correction  limit) 
or  (3)  due  to  the  atmospheric  spreading  of  the  point  target  being  imaged. 

The  exposure  needed  for  a  given  threshold  level  for  a  point  source  is  not  de¬ 
pendent  on  focal  length,  but  is  proportional  to  the  collecting  onerture  area  (D)2  of 
the  lens,  as  long  as  the  focal  length  is  long  enough  so  that  the  background  energy  per 
resolution  unit  is  small  compared  to  the  signal  energy.  Thus,  the  point  source  flux 
is  proportional  to  (D)2  and  the  background  flux  density  varies  with  (D/F)2. 

Similar  to  the  control  of  signal  energy  vs  background  by  focal  length  is  control 
by  changing  the  size  of  the  resolution  element  by  use  of  a  higher  resolution  sensor, 
as  long  as  the  resolution  element  size  is  still  larger  than  the  point  source  optical 
image. 

There  is  a  point,  in  the  other  direction,  where  a  single  resolution  element 
gets  so  large  that  the  background  energy  begins  to  restrict  the  performance,  (f/ 
number  is  defined  as  ratio  of  F/D. )  Therefore,  as  the  f/number  is  decreased,  a 
point  is  reached  where  the  background  light  will  become  so  large  that  the  sensor 
elements  are  saturated  with  background.  In  this  case,  if  the  sensor  resolution  can 
be  increased  the  background  light  would  no  longer  be  saturating  because  it  is  spread 
out  more  and  thus  the  system  detection  performance  would  be  improved.  For  ex¬ 
ample,  with  a  fast  lens  <  f/2  such  as  i/0. 9,  on  a  brlgnt  night,  or  in  the  Milky  Way, 
a  1200  line  system  will  out-perform  a  500  or  200  line  system. 

8.  THE  DISTRIBUTED  TARGET  CASE  (CASE  2) 

The  extent  (fir’d  of  view)  of  a  scene  of  distributed  target  imaged  by  a  lens  sys¬ 
tem  is  inversely  proportional  to  the  focal  length  (similar  to  background  in  the  first 
case).  But  the  amount  of  energy  in  a  given  scene  is  constant;  therefore  if  v.e  look 
at  less  area  of  the  scene  (or  spread  a  resolved  target  out  further)  by  increasing 
focal  length,  each  resolution  element  area  will  receive  (see)  proportionally  less 
energy  by  (1/F2).  If  we  increase  the  area  of  aperture,  the  available  flux  at  the 
image  plane  will  Increase  proportionally  as  before.  Thus  for  extended  sources, 
the  available  flux  density  at  the  sensor  resolution  elements  (exposure)  is  a  function 
of  D2/F2  or  the  inverse  square  of  the  f/number.  It  is  constant  as  long  as  the 
f/number  (F/D;  is  constant  (the  case  of  photography).  Also  a  faster  lens  (smaller 
f/number)  allows  darker  scenes  to  be  viewed  or  photographed  with  a  given  sensi¬ 
tivity  (speed)  of  the  sensor. 
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Figure  II— 2 .  Background  Brightness,  Increase  <n  Magnitudes  Over 
Unintegrated  Sky  Value  (mag/sec2)  vs  Resolution  Element 
Size  Single  Dimension  of  Square 
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Several  interesting  situations  occur  in  the  aerospace  environment  as  a  result. 
Since  the  sun  is  the  illuminator  in  most  cases  (for  the  moon,  satellites,  etc.)  and 
is  constant  for  similar  distances  from  sun,  then  on  resolved  objects  the  brightness 
per  unit  angular  area  is  set  and  is  constant  (except  for  reflecting  efficiencies). 

Thus,  if  the  focal  length  is  long  enough  to  resolve  the  object,  say  the  "Echo”  balloon, 
or  any  real  large  satellite,  into  many  resolution  elements,  the  brightness  ol  the  im¬ 
age  and  contrast  (maximum  signal  to  background)  available  to  the  system  will  depend 
only  on  the  f/number,  not  the  diameter  or  focal  length,  as  long  as  the  focal  length  and 
diameter  are  large  enough  to  resolve  the  object  (and  the  optics  are  not  diffraction 
limited  and  atmosphere  permitting). 

Similarly  in  scene  viewing,  the  faster  the  lens,  the  more  energy  density  at  the 
detector.  In  this  case,  if  the  lens  is  fast  enough  to  reach  saturation  levels  cf  the 
sensor  in  portions  of  a  given  scene,  better  results  and  more  details  can  be  resolved 
with  smaller  resolution  elements  (more  scan  lines,  finer  grain  film,  etc.). 

6.  THE  MOVING  TARGET  CONDITION  (CASE  3) 

The  moving  target  may  either  be  a  point  or  distributed  source.  For  any  source 
the  s'gnal  is  a  direct  function  of  flux  density,  and  flux  density  is  directly  related  to 
aperture  area  (D2),  and  invert  y  proportional  to  lotal  image  area.  A  spread  object 
has  an  image  spread  in  two  dimensions,  and  if  it  has  or  does  not  have  relative  move¬ 
ment  during  the  exposure  the  spread  in  either  dimension  is  proportional  to  the  focal 
length  (F).  So  a  spread  object  image  area  is  always  proportional  to  (F2),  and  the 
signal  is  proportional  to  (D2/F2). 

For  a  point  target  with  relative  movement  during  the  exposure,  the  total  flux 
collected  is  still  proportional  to  aperture  area  (D2).  A  point  object  with  exposure 
movement  is  spread  only  in  the  dimension  of  relative  movement,  and  this  dimension 
is  proportional  to  (F).  Therefore,  the  image  area  is  proportional  to  (F),  and  the 
signal  is  proportional  to  (D2/F). 

Thus,  the  first  point  is  to  determine  the  object  or  target  angular  velocity,  then 
calculate  the  amount  of  energy  arriving  on  a  single  resolution  in  the  unit  of  time 
(dwell  time)  or  conversely  the  number  of  resolution  elements  sharing  the  energy  in 
the  unit  of  time  (scan  time).  This  will  determine  detectivity  performance  neglect¬ 
ing  any  sensor  time  constant  loss.  If  we  express  this  in  terms  of  aperture,  focal 
length,  etc. ,  we  will  see  that  the  exposure  for  a  trailed  or  moving  object  is  propor¬ 
tional  to  D2/F  for  a  given  unit  of  time. 

If  we  are  to  improve  seeing  ability  of  an  objee'  of  a  given  angular  velocity  and 
size  against  a  given  background  (to  overcome  sensor  time  constant  loss  and  reduced 
dwell  time)  we  must  (1)  increase  aperture  or  (2)  increase  field  of  view  of  decreasing 
focal  length.  This  latter  technique  makes  the  single  resolution  element  cover  more 
of  the  sky  at  a  time  and  thus  allows  more  time  for  the  target  to  be  in  a  single  resolu¬ 
tion  element.  Since  these  two  factors  are  somewhat  incompatible  (we  want  a  large 
aperture,  small  f/number  system)  we  must  consider  many  trades  to  obtain  high 
performance  on  small,  fast  moving  targets.  A  thorough  analysis  of  energy  available 
from  target  and  from  the  background  will  define  which  dimension  is  being  "trailed" 
and  which  is  a  point  source.  For  diagonal  motion  the  rates  will  only  be  /2  of  the 
actual  rate,  but  we  have  the  rate  in  both  dimensions. 
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7.  LENS  EFFICIENCY  AND  STRAY  LIGHT 


The  lens  discussion  thus  far  covers  refractive  optic  systems.  For  reflective 
optics,  cassegrain,  catadioptic,  Schmidt,  Bovvers,  etc. ,  special  precautions  must 
be  taken  in  addition  to  using  effective  aperture  (actual  aperture  minus  aperture 
blocking  due  to  secondary  mirror  and  supports,  etc.). 

a.  Lens  Efficiency  -  Transmission  Loss 

A  surface  that  separates  two  media  is  called  an  interface.  When  light  pas¬ 
ses  through  an  interface  its  direction  changes  abruptly,  part  of  the  light  is  reflected 
back  into  the  first  medium,  while  the  rest  proceeds  into  the  second  medium,  but  in 
a  changed  direction.  The  portion  that  proceeds  into  the  second  medium  is  said  to  be 
refracted.  At  each  surface  separating  the  two  media  there  will  be  reflections  and 
refractions.  As  a  result,  the  amount  of  light  transmitted  through  the  second  medium 
is  less  than  the  incident  light.  The  amount  of  light  transmitted  in  an  optical  system 
is  further  reduced  because  of  the  absorption  of  light  in  the  glass  medium  and  the 
cutting  down  of  light  bundles  by  the  diaphragms. 

In  the  case  of  a  lens  (refraction  index  -  1.  5)  surrounded  by  air,  4,q  of  the 
light  incident  upon  each  surface  is  reflected.  Consequently,  a  lens  or  glass  plate 
in  air  loses  8%  of  the  incident  light  by  reflection.  In  photographic  objectives  and 
military  instruments,  such  as  periscopes,  range-finders,  and  gun'sights,.  which 
have  many  glass  surfaces,  a  considerable  amount  of  light  is  thus  lost.  Reflection 
losses  can  be  cut  down  considerably  by  coating  the  air  to  glass  surfaces  with  anti¬ 
reflection  coatings. 

Lens  efficiency  factors  can  thus  be  determined  from  the  medium  trans¬ 
mission  losses  and  number  of  surfaces  involved  in  a  refractive  lens  system  and  used 
in  the  equations  outlined;  see  Section  II-A-8  and  9. 

The  small  percentage  of  surface  reflection  from  each  lens  surface  in  a  re¬ 
fractive  system  must  be  checked  (even  if  baffled)  especially  if  more  than  one  lens 
assembly  is  involved,  since  the  range  and  sensitivity  of  the  image  orthicon  will  see 
even  the  smallest  amount  of  reflection  as  another  diffuse  object  if  it  comes  within 
the  limits  of  the  photocathode  surface.  Even  though  this  light  may  not  appear  as  an 
image,  it  may  contribute  to  the  background  light  level  in  the  lens  system  even  when 
baffled  and  supposedly  absorbed  in  the  "optically  black"  lens  tube.  All  background 
and  "stray"  light  not  absorbed  adds  to  the  sky  background  light  level  and  thus  causes 
the  overall  lens -sensor  system  to  appear  background  limited  sooner  than  would  be 
predicted  solely  from  sky  background  and  lenB  resolution  calculations. 

In  a  refractor  lens  system  this  eftMt  It  gs— filly  small  (less  than  3/4th 
Mag/ffe?2  except  in  extreme  oases). 

b.  Stray  Light 

In  a  reflector  telescope  system,  light  (sky  light,  side  light,  etc. ,)  can  get 
to  the  image  focus  plane  (sensor)  without  going  through  the  normal  optical  paths. 


To  reduce  this  "stray"  light,  the  telescope  if  not  encased  should  be  wrapped 
with  heavy  black  felt  or  velvet  cloth  for  a  temporary  measure  until  a  more  perma¬ 
nent  case  can  be  made.  If  possible  extend  tbs  case  to  reduce  total  angular  open  area. 
See  Figure  H-3. 
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Figure  n-3.  Reduction  of  Stray  Light  in  a  Reflecting  Telescope 


The  following  discussion  outlines  a  procedure  for  closely  approximating 
the  background  contribution  for  "stray  light"  in  reflecting  and  catadioptic  lens  con¬ 
figurations.  If  careful  attention  is  given,  the  lens-sensor  system  will  consistently 
perform  very  closely  to  calculated  performance  as  experienced  in  our  various  ex  - 
periments  with  different  optics  systems. 

Using  the  dimensions  of  the  telescope,  determine  the  ratio  of  the  light  from 
dotted  region  (angular  area  x  background  light/ unit  area  including  unresolved  +  re¬ 
solved  stars,  milky  way,  moon,  etc. ,  for  area  to  be  surveyed)  vs  the  angular  area 
of  the  main  beam  and  its  relative  optical  gain  (effective  aperture  area  vs  the  sensor 
urea).  The  background  light  in  this  case  is  normally  at  least  twice  the  background 
light  used  in  other  calculations  since  resolved  stars  are  now  present. 

A  typical  reflecting  telescope  may  have  3-1/2  times  as  much  background 

light  reaching  the  sensor  from  the  stray  light  (dotted  region)  than  through  the  optica1 
palh,  thus  the  background  is  increased  to  4-1/2  times  or  a  decrease  of  about  1-1/2 

stellar  Magnitudes . 

Effective  Aperture  -  |  (D2  -  d2) 

Stray  Light  Area  =  area  of  cone  AC  -  cone  BC 
Background  Light  including  stars,  etc.  -  2  x  (at  least) 

at  9 

Main  Optical  Beam  Area  -  ^  x  (field  of  view) 

Main  Optical  Gain  -  Area  of  i&nsor^  <effective  aperture  used) 

Ratio  of  Stray  light  angular  area  x  2  x  Background  light 
Main  beam  angular  area  x  Optical  gain 

NOTE:  To  reduce  this  value  a  carefully  designed  cone  shape  shield  can 
be  installed  from  the  reflecting  mirror  hole  forward  tapering  to 
intersection  of  the  1st  and  2nd  reflection  beam  outlines. 

SIGNAL  DETECTION  —  LENS  5YSTEMS-POINT  TARGET  CASE 

When  lens-sensor  equipments  are  used  at  or  near  thresholds  of  noise 
background  conditions,  then  a  systematic  analysis  for  leas  and  sensor  parameters 
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is  needed.  A  brief  discussion  is  given  here;  for  more  detail  refer  to  Section  H-B, 
C  and  D  as  well  as  the  referenced  reports. 


The  lens  system  is  basically  an  energy  collecting  and  transfer  device.  The 
sensor,  be  it  the  human  eye,  film,  or  photocathode  of  an  intensifier,  or  image  orthi- 
con  with  scanning  beam  and  electronics,  is  the  detection  and  imaging  device.  If  we 
point  the  lens  to  the  sky  and  move  it  at  celestial  rates  so  that  there  is  no  relative 
angular  motion  of  a  single  resolved  target  point  source  (star  or  object)  with  respect 
to  the  Ions  axis,  then  we  have  a  signal  plus  sky  background  on  one  resolution  element 
and  background  on  all  nearby  elements : 


nb 

nb 

nb 

nb 

N 

1 B  + 
NS 

nb 

nb 

nb 

nb 

If  we  look,  or  expose  film  or  expose  a  photo  cathode  at  the  image  focus 
plane  of  this  lens  for  a  finite  time,  we  hope  to  detect  the  presence  of  a  signal  in  a 
background  of  noise.  This  means  the  signal  area  has  to  be  significantly  different 
from  other  background  areas  of  equal  size,  so  that  the  probability  of  the  background 
being  the  signal  value  is  very  small.  Since  the  number  of  background  photons  col¬ 
lected  by  an  area  equal  to  the  signal  area  in  size  (used  to  form  the  image)  has  a 
Poisson  distribution,  there  will  be  background  image  noise  due  to  the  non -uniformity 
of  transmission  or  brigntaess  variation  of  these  individual  background  areas.  The 
sigma  of  these  background  areas  (same  area  size  as  the  signal  size)  is  the  square 
root  of  the  background  mean  number  of  photons  in  the  areas  used  to  form  the  back¬ 
ground  image,  with  a  Poisson  distribution.  The  difference  between  the  mean  back¬ 
ground  image  photons  and  the  mean  of  image  signal  photons  is  defined  as  the  signal. 
Thus 


S/N  - 


Peak 
r .  m .  s . 


No.  of  signal  photons  (Ng) 
•yNoise  Background  (N^) 


for  good  detection  (approximately  90%)  and  a  low  false  alarm  rate  (approximately 
10-*)  the  signal  should  be  5  times  the  rms  noise  (sigma)  of  the  background.  This 
conatant  of  5  was  first  used  by  Albert  Roee  of  RCA,  in  1948. 

8/N  Detection  -5  Ng 


A  normal  image  system  has  additional  noise  which  has  to  be  included  to 
explain  system  operation.  For  an  image  orthicon  the  equipment  background  Nj£  has 
to  consider  added  bear.-,  scanning  noise,  and  preamplifier  noise.  For  a  film  image 
the  equipment  background  Ng  has  to  consider  developed  particles  due  to  fogging. 
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IX  Nb  ♦  Ne 


Ns  =  No  X10“*  msxT  DI  x‘ 


nb  =  Nox  10"  *4Tnfi  *  "I  dl2  x  t 

_  9. 

nig  =  stellar  mag  of  Object  in  mag/sec 

2 

mB  =  background  mag/sec  sky 
X  is  signal  spread  in  sky  sec/sig  width 

If  X2  Nfi  «  Ne  then  =  KDl2  x  Eff.  of  Lens  x  t  (3) 

This  will  be  true  for  a  long  focal  length,  small  diameter  lens  and  short 
exposure  times  4  This  is  also  the  condition  in  a  laboratory  test  where  the  back¬ 
ground  noise  is  made  to  approach  zero. 


Thu*  S/N 


I*  NB  ♦  NE 


as  Ng— O 


becomes 


or  limited  by  equipment  noise. 


— '  -  iy.  Mii  u*  iiuiiHu  uy  equipment 

\  nE 

If  X2Np  >  Ne  then  §  -  K  — — —  ^Effof" 


X  -  Isa1  Width  v  .  O  v  3600  „  TV  Spread  Lines 

tene  frocal  Length  *57'3  X  A?tive‘  x  siimel -  <5> 


Since 


TV  Lines 


Signal 


Eff  •  t  N, 


/X? K  2  Eff  •  t-  N„  +  Nr 


K  •  D2  •  Eff  •  t  •  Ns 


t  •  V  NB 


_  K  V~Eff  •  D  .  /t  »  Ns 


n-ie 


Summarizing,  we  note  for  point  sources  when  the  background  noise  is 
smaller  than  the  equipment  noise  (the  condition  for  a  long  focal  length  lens  with 
short  exposure  times)  equation  (3)  shows  S/'N  increase  with  square  of  lens  diameter 
(Dl2)  and  directly  with  exposure  time  (t)  Thus  performance  curves  have  a  slope 
of  1-1/2  magnitudes  for  each  doubling  of  diameter  or  v  t,.  When  the  equipment 
noise  is  less  than  the  background  noise  (X^  Ng)  then  equation  (4*  shows  S/N  in¬ 
creases  only  directly  with  the  Lens  diameter  end  square  root  of  exposure  time  and 
inversely  with  the  signal  spread  factor  (X) . 

Thus,  as  sky  background  noise  begins  to  become  a  factor,  the  slope  de¬ 
creases  to  3/4th  mag.  for  each  doubling  of  lens  diameter  and  then  performance 
quickly  limits  as  the  sky  background  noise  gets  larger  than  the  signal. 

9.  SIGNAL  DETECTION  -  DISTRIBUTED  TARGET  CASE 

A  distributed  target  may  be  an  extended  target  within  a  general  scene  being 
viewed,  the  level  of  which  is  above  minimum  detectable  levels,  or  it  may  be  an 
extended  (resolved )  target  in  an  otherwise  noise  limited  background . 

In  this  case  our  S/N  =  Ns/V  Ng  +  Ng  relationship  involves  the  size  of  both 
Ns  +  Nb  which  varies  with  resolution  element  size  and  f/number  of  optics. 

If  the  background  term  (Nb)  is  small  with  respect  to  equipment  noise  Nj? 
such  as  with  large  f/number  Lens,  then  S/N  varies  inversely  with  the  square  of 
lens  f/number  (l/f2)  and  inversely  with  size  of  the  resolution,  elements  and  directly 
with  exposure  or  integration  time  (6).  As  the  f/number  of  lens  is  reduced  near 
f/l  8  or  below  and/or  resolution  element  size  is  larger,  the  background  term  in¬ 
creases  until  performance  is  limited  by  it.  Note  reducing  resolution  element  size 
will  allow  use  of  smaller  f/number  optics  and  thus  better  resolution  performance 
at  same  scene  brightness  level  provided  target  image  was  not  spreading  due  to 
lens  or  atmospheric  limits. 

10.  LENS  AND  OPTIC  SYSTEMS 

Lens  and  Optic  systems  frequently  used  with  electro-optical  equipment  are 
shown  below  by  type  (2) . 

The  Galilean  and  Keplerian  refractor  telescopes  are  noted  for  their  simplicity. 
The  Galilean  is  shorter  for  the  same  magnification  and  has  a  narrower  field  of  view 
since  the  eye  piece  becomes  a  field  stop.  It  presents,  however,  an  erect  image, 
which  is,  in  some  cases,  an  advantage. 

Among  reflecting  telescopes  (which  do  not  suffer  from  chromatic  errors),  the 
Newtonian  is  preferred  for  small  telescopes,  since  only  one  aspheric  element  needs 
to  be  made  (the  primary  paraboloid).  The  secondary  mirror  is  a  f’at. 

The  Cassegrain  and  Gregorian  both  require  a  hole  drilled  in  the  primary,  and 
an  aspheric  secondary  (elliptical  for  Gregorian,  hyperboloid  for  Cassegrain).  Both 
have  the  advantage  that  the  primary  tube  length  is  about  1/2  of  the  focal  length, 
while  the  Newtonian  requires  a  full  length  tube. 


(2)  Strong,  John,  Concepts  of  Classical  Optica,  W.H.  Freeman  &  Co,  1958. 
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Certain  optical  systems  are  notable  for  freedom  from  one  or  more  of  the  mono¬ 
chromatic  defects :  spherical  aberration,  coma,  astigmatism,  field  curvature,  and 
distortion. 


The  Schmidt  system,  using  spherical  primaries,  is  free  of  off  axis  aberrations 
(coma  and  astigmatism).  Curvature  and  spherical  aberrations  remain,  but  the  cor¬ 
rector  plate  cancels  spherical  aberration.  The  Bouwers,  Hayward  and  Maksutov 
systems  are  variations  to  accomplish  a  similar  result. 


a.  Refractor  Systems  (Lens  optical  systems  Involving  only  the  refractive 
properties  of  lens  materials) 

1.  Simple  and  multiple  lens 
systems  such  as  conven¬ 
tional  camera  lens,  zoom 
lens  etc., including  those 
employing  many  elements 
for  aberration  corrections, 
etc. 


2. 


Telescope  systems. 

Note:  Eye  pieces  added 
for  eye  viewing.  Magnifi¬ 
cation,  etc. 

a.  Keplerian 


b.  Galilean 


Note:  Galilean  often  used  in  front  of  a 
camera  lens  to  make  a  telephoto  lens. 


o. 


<1. 


Refractor  with  eye¬ 
piece  Huygenlan. 


Refractor  with  Rams 
den  eyepiece. 


e. 


f. 


Refractor  with  Barlow 


Refractor  with 
erecting  lens. 
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b.  Reflector  Systems  (Optic  systems  involving  a  curved  mirror  purfac-i  as 
the  primary  collecting  optical  surface) 


1.  Hale 


2.  Herschelian 


3.  Newtonian 


4.  Cassegrain 


5.  Gregorian 


P  PARABOLOID  MIRROR 


ELLIPSOID  MIRROR 


FOCAL  PLANE 


c,  Catadioptic  Systems  (Optic  systems  employing  a  negative  connector  plate 
diverging  rays  to  a  spherical  mirror  with  short  focal  length) 

In  catadioptic  systems  the  resulting  focal  plane  is  a  curved  surface,  thus 
field  flatteners  or  special  provisions  are  generally  needed  for  its  use.  Advantage 
is  in  ability  to  have  short  focal  lengths  for  large  apertures  (small  f/numbers) 

(0,5  to  2. 0  common  range,  less  than  1  often  used). 


MIRROR  SURFACE  ON  BACK- 


i.  Mangin  Mirror 

r,  ABOUT  .66  r^' 

CORRECTING  SURFACE 

R  about  . 66  Rg 

Not  strictly  a  catadioptic  system  but  similar  In  principle. 
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2.  Bouwers 


SILVER  OR  ALUMINUM  FILM- 


"\  \  SPHERICAL 

\  mirror 


- -A.  AM!  PRC 

u^-JU 

^  T  l 


SPHERICAi  FOCAL/ 
SURFACE 

SPHERICAL  SPECTACLE  LEASES  4 


3.  Maksutov 


4.  Schmidt 


SPHERICAL  CORRECTOR  FOCAL  SURFACE 
r2-r,  =  t  (SPHERICAL) 

r  8r„  ARE  CONCENTRIC 
I  2 


5.  Hayward 


li.  OPTIC  SYSTEMS  FOR  SATELLITE  DETECTION  AND  SEPARATION 

Preliminary  design  studies  indicate  typical  apertures,  taking  into  account  the 
sky  background,  air  scatter  and  image  tube  properties,  of  25  to  35  inches  with  aper¬ 
ture  ratios  from  f/0.7  to  1.8  (focal  lengths  of  24  to  42").  For  discussion  purposes 
an  aperture  of  27"  and  f/l,  >  giving  a  focal  length  of  40"  is  selected. 

The  other  requirements  are  that  the  resolution  of  the  optics  should  take  full 
advantage  of  the  image  tube  resolution.  For  these  calculations  it  is  assumed  that 


11-20 


TV  resolution  may  be  eventually  increased  to  a  2000  line  scan  and  that  three 
n  lines  will  be  required  to  cover  a  point  image.  If  the  sensitive  area  of  the 
•>era  tube  is  one  inch  high  this  will  require  an  optical  circle  of  least  confusion 
,c  image  of  a  point  source)  of  about  0015  inch  or  a  resolution  of  CO  line  pairs 
mh’imeter  (Go/Lp/mm).  This  resolution  should  be  maintained  over  the  entire 
1-1/?”  sensitive  area  or  a  circle  of  1.65”.  The  image  at  the  photocathode 
aid  be  flat  within  its  depth  of  focus,  which  for  an  f/1 .5  system  is  about  ,  006 

iCG. 

The  optical  distortion  should  ideally  be  negligible,  or  less  than  one-tenth  of 
percent.  iZ  this  is  not  feasible  it  should  be  as  low  as  practical  and  predictable. 

3 •  Refractor  Lens  System 

A  refractor  lens  system  appears  completely  impractical  at  present.  An 
5,  40  inch  focal  length  lens  would  require  at  least  five  transparent  glass  ele- 
its  2?  inches  in  aperture.  1  he  total  glass  thickness  in  the  lens  would  be  about 
nches.  Not  only  would  such  elements  be  difficult  to  obtain  in  high-quality  glass, 
the  weight  of  them  would  be  at  least  1700  pounds  and  the  loss  due  to  absorption 
siderable.  From  a  purely  optical  point  of  view,  it  is  very  difficult,  if  not  im- 
sible  to  design  a  lens  of  this  focal  length  which  would  not  show  objectionable 
unatism  over  a  wavelength  range  of  3500  to  8000  Angstroms.  The  chromatism 
impound  lenses  is  chiefly  a  function  of  their  focal  length,  and  when  the  focal 
th  approaches  one  meter  it  becomes  impossible  to  control .  Recent  independent 
larches  by  Nippon  Kogaku,  producer  of  Nikon  Camera,  and  Carl  Zeiss  Incorpor- 
,  have  shown  that  for  focal  lengths  in  excess  of  one  meter  mirror  systems  of- 
-he  only  solution  to  the  enromatism  problem  even  over  the  normal  photographic 
3 length  range  3800-6500  A. 

b .  Newtonian  System 

The  Newtonian  telescope  consists  of  a  paraboloidal  mirror  with  the  de  * 

)r  at  the  primary  focus,  or  by  use  of  a  diagonal  mirror  the  focus  is  turned  out 
e  side  at  right  angles  to  the  axis.  This  system  works  well  for  f/ratios  f/«  or 
p.  However,  if  the  system  is  drawn  to  scale  at  f/1 .5  as  shown  In  Figure  II- 4 
11  be  seen  that  there  are  several  objections. 

1 .  The  camera  tube  is  pointed  downward  when  the  telescope  is  aimed 
upward.  This  is  not  recommended. 

2.  fhe  focusing  coil  assembly  around  the  camera  tube  has  a  diameter 
about  .3  as  great  as  the  mirror.  When  the  central  obscuration  of 
an  optical  system  exceeds  20  percent  there  is  serious  loss  of  energy 
concentration  in  the  central  diffraction  images.  In  general  terms 
this  results  in  low  contrast  fine  detail  and  "mushy"  image.  The  light 
loss  due  to  the  obstruction  is  about  1 1  percent. 

3.  The  image  formed  by  a  paraboloidal  mirror  does  not  lie  on  a  flat  sur¬ 
face  but  has  a  radius  of  curvature  exactly  equal  to  ihe  mirror  or  60 
inches.  Over  a  1.6  inch  picture  this  radius  will  result  i.n  a  sagilta  or 
variation  iron  a  plane  of  .02 1  inches  which  is  considerably  gt  eate'1 
thmi  fhe  depth  of  focus  previously  calculated  to  be  .006  inches  at  the 
most.  It  might  bt  possible  to  flatten  this  image  with  a  field  Jens. 
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Figure  H-4.  Newtonian  System  without  Folding 


The  folded  Newtonian  system  drawn  to  scale  in  Figure  II-5  shows  the  prob¬ 
lem  of  trying  to  place  a  mirror  in  a  large  aperture  beam.  In  order  to  bring  the 
image  outside  the  edge  of  the  entrance  pupil  it  is  necessary  to  use  a  flat  mirror 
having  a  projected  length  of  15  inches  which  forms  a  major  obstruction  in  the  light 
path.  This  is  totally  impractical.  When  the  aperture  ratio  is  f/8  or  less  the  re¬ 
flected  cone  of  light  is  long  and  narrow  and  can  be  folded  with  a  relatively  small 
mirror. 

Conclusions  on  the  Newtonian  System 

Beside  the  mechanical  difficulties  mentioned,  it  must  be  realized  that  the 
paraboloidal  mirror  forms  a  perfect  image  only  on  the  optical  axis  (i  .e. ,  at  the 
center  of  the  image)  and  that  off-axis  rays  form  images  with  amounts  of  coma  and 
astigmatism  that  increase  with  the  angle.  The  amount  of  these  two  chief  aberrations 
has  been  calculated  by  K.  Schwarzschild  and  his  figures  are  reported  in  Baker's 
"Telescopes  and  Accessories" and  elsewhere.  Unfortunately,  these  taoles  were 
not  computed  for  aperture  ratios  larger  than  f/3.0.  Several  years  ago  we’had  to 
extend  these  tables  and  the  values  were  calculated  from  theory  and  also  checked  by 
actual  measurement  of  aberration  on  a  precision  test  bench.  The  agreement  was 
as  good  as  could  be  expected  when  it  is  realized  that  the  aberrations  have  to  be 
•eparated  by  eye  and  each  is  compounded  by  several  higher  orders  of  aberration 
of  the  same  type . 

To  take  examples;  Schwarzchild's  table  shows  that  an  f/10  paraboloid  with 
40  inches  focal  length  would  show  at  the  edge  of  a  three  degree  total  field  a  coma 
of  ten  seconds  of  arc.  This  would  amount  to  an  image  of  point  source  about  .002 
inch  diameter  which  is  satisfactory.  For  an  f/3  paraboloid  the  coma  at  the  edge 
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Figure  H-5.  Newtonian  System,  Folded 


of  the  field  amounts  to  116  seconds  of  arc  and  for  a  40  inch  focal  length  this  amounts 
to  an  image  aberration  of  .224  inches  which  is  qi  ite  poor. 

Our  calculations  show  that  for  an  f/1 . 5  paraboloid  the  coma  would  amount 
to  seven  minutes  44  seconds  of  arc  or  an  aberration  of  .  896  inches  which  is  abso¬ 
lutely  Intolerable . 


The  comparable  figures  for  astigmatism  are  as  follows: 


f/Ratio 

f/10 
f/3 
f/1. 5 


Astigmatism 
(Seconds  of  Arc) 

13.5 

48.0 

96.0 


Aberration 

(Inches) 

.0024 

.0081 

.0172 
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The  Combination  of  the  two  aberrations  we  have  calculated  as  follows: 


f/Ratio 

Astigmatism  &  Coma 
(Seconds  of  Arc) 

Aberration 

(Inches) 

f/10 

17- 0 

.003 

f/3 

132.0 

.240 

f/1.5 

750.0 

.900 

We  believe  these  figures  show  that  the  off-axis  aberrations  of  the  para¬ 
boloid  make  it  unfit  for  the  proposed  use.  In  addition  the  above  shows  that  there 
are  severe  problei  is  to  folding  the  beam  and  that  the  aberration  of  coma  at  the  edge 
of  a  three  degree  field  would  be  absolutely  intolerable. 

c.  Schwarzchild  Telescope 

After  K.  Schwarzchild  had  completed  his  analysis  of  the  errors  of  the 
paraboloid  he  developed  the  only  physically  possible  design  of  a  two-mirror  tele¬ 
scope  free  of  spherical  aberration  and  coma .  There  are  many  variations  on  the 
design;  it  is  possible  to  have  a  flat  or  curved  image,  but  all  the  systems  have  astig¬ 
matism.  Reference  to  the  table  in  paragraph  (b)  will  show  that  this  is  the  smaller 
defect  in  large  aperture  telescopes . 

An  f/1.5  Schwarzchild  system  is  drawn  to  scale  in  Figure  n-6.  Normally 
the  design  is  not  recommended  for  an  f/ratio  less  than  f/3  because  of  the  great 
difficulty  of  figuring  the  aspheric  mirrors.  The  parameters  of  this  system  are: 

f/1.5 
40  inches 
27  inches 
100  inches 
f/3. 7 
50  inches 
13 . 36  inches 
33.4  inches 
f/2.6 
20  inches 
96  inches 

The  good  features  of  this  design  are  that  the  camera  tube  could  be  instal¬ 
led  at  the  first  focus.  The  bulky  coils  around  the  tube  would  not  be  as  large  as  the 
central  shadowed  area  and  would  not  cause  any  additional  light  loss .  Both  mirrors 
have  f/ratios  greater  than  f/1.5.  It  becomes  Increasingly  difficult  to  manufacture 
aspheric  surfaces  at  a  low  f/ratio.  It  is  not  possible  to  quote  definite  figures,  but 
the  following  are  typical: 


f/ratio  of  system 

Equivalent  focal  length 

Diameter  of  primary  mirror 

Focal  length  of  primary 

f/ratio  primary 

Separation  of  mirrors 

Diameter  of  secondary  mirror 

Focal  length  of  secondary 

f/ratio  secondary 

Distance  of  focus  from  secondary 

Tube  length 


f/ 11 
f/8 

f/3. 5 
f/1.5 


Difficulty  to  Produce  Aspheric  Surface 


Usually  very  easy 
Requires  only  short  time 
Usually  considered  the  practical  maximum 
Extremely  time  consuming  and  requires 
great  ability 
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In  our  opinion  it  would  be  far  easier  to  make  the  two  larger  f/ratio 
Schwarzchild  mirrors  than  to  make  one  f/1. 5  paraboloid. 

The  bad  features  of  the  design  are  the  large  obscuration  ratio.  The 
secondary  mirror  cuts  off  about  one-quarter  of  the  light  and  the  reflection  losses 
total  about  18  percent  so  that  the  "transmission  value"  of  this  design  is  about  61 
percent  compared  to  an  ideal  f/1. 5  system  with  no  losses.  The  long  tube  length 
is  normally  required  to  prevent  the  camera  tube  seeing  around  the  secondary .  If 
a  bright  object  such  as  the  moon  were  outside  of  the  image  field  and  the  telescope 
tube  did  not  extend  beyond  the  secondary  mirror,  then  direct  light  from  the  moor 
could  fall  on  the  came  ra  tube  face . 


Figure  II -6.  8chwarzchild  System 


It  is  expected  that  the  image  quality  would  be  good,  the  only  aberrations  being 
astigmatism  and  distortion.  These  have  not  been  calculated,  but  until  they  are,  it 
is  believed  that  they  would  be  satisfactory. 

d.  Couder  Telescope 

The  Couder  telescope  uses  two  aspheric  mirrors  and  is  corrected  for 
spherical  aberration,  coma  and  astigmatism,  but  has  a  curved  image.  An  f/1. 5 
Couder  telescope  la  drawn  to  scale  in  Figure  n-7.  The  dimensions  of  this  system 

are: 


f/ratio  of  system 
Equivalent  focal  length 
Diameter  of  primary  mirror 
Focal  length  of  primary 
Aperture  ratio  of  primary 
Separation  of  mirrors 
Diameter  ^f  secondary 


f/1. 5 
40  inches 
27  inches 
130  inches 
f/4 . 9 
80  inches 
13.0  inches 
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Focal  length  of  secondary 
Aperture  ratio  secondary 

Di  stance  of  focus  from  secondary 

Tube  lenfth 


22.2  inches 
1/1.7 

15.4  inches 

100  inches 


ULr 


Figure  n-7.  Couder  System 


The  good  features  of  this  design  are  correction  of  all  the  aberrations  ex¬ 
cept  distortion  and  image  curvature.  The  radius  of  curvature  of  the  image  is  half 
the  focal  length  or  2G  inches  and  the  sagitta  (depth  of  curvature)across  a  1.6"  image 
is  about  .016  inches.  This  value  is  only  about  .010  inch  more  than  the  calculated 
depth  of  focus  and  could  easily  be  removed  by  the  use  of  a  field-flattener  lens. 

The  transmission  efficiency  is  only  slightly  greater  than  the  Schwarzchild 
system,  about  65  percent.  Because  the  camera  tube  is  closer  to  the  secondary  the 
stray  light  problem  is  less  bad,  but  the  total  tube  length  is  about  the  same. 

As  regards  the  difficulty  of  manufacture,  the  large  f/4. 9  primary  would 
be  less  difficult,  than  the  Schwarxchild  f/3.7,  but  the  small  secondary  now  has  the 
high  aperture  ratio  of  f/1 .7.  As  far  as  can  be  eatimatsd  at  present,  the  manufactur 
lag  problems  of  the  two  systems  art  about  equal. 

e.  The  Schmidt  System 

In  the  previous  designs  the  chief  optical  problem  has  been  the  off-axis 
aberrations  of  the  aspheric  primary  mirror.  As  was  shown  in  the  case  of  the 
paraboloid,  the  off-axis  aberrations  at  f/1. 5  were  intolerable,  but  they  can  be  cor¬ 
rected  to  usable  value  by  a  second  aspheric  mirror.  The  manufacture  of  any  large 
aspheric  mirror  to  high  accuracy  is  a  major  undertaking.  The  Schmidt  system 
avoids  the  problem  by  using  a  spherical  mirror  which  is  easy  to  make  and  a  thin 
lens  or  "corrector  plate ''  which  usually  has  one  aspheric  side.  In  this  design  the 
diameter  of  the  corrector  plats  becomes  the  limiting  aperture  and  the  mirror  has 
to  be  somewhat  larger. 
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The  layout  of  an  f/l.S  Schmidt  system  la  shown  in  Figure  II— 8.  ?1i|4tflfjN: 


are  as  fellows: 

if  ratio  system 

1/1.5 

Focal  length 

40  inches 

Diameter  of  primary  mirror 

33  inches 

Focal  length  of  primary 

40  inches 

Diameter  of  correcting  plate 

29  inches 

Separation  corrector  and  mirror 

80  inches 

Tube  length 

84  inches 

I 

/ 

/ 

/ 

29’ 


80" 


Figure  n-8.  Schmidt  System 


The  advantages  of  this  system  are  that  the  image  is  fully  corrected  except 
for  distortion  and  image  curvature  over  the  entire  field.  The  large  primary  mir¬ 
ror  is  a  sphere  which  can  be  machine  made .  The  corrector  plate  requires  a  large 
piece  of  relatively  thin  optical  glass  of  high  quality  and  while  it  has  an  odd  aspheric 
surface  which  must  be  handmade,  the  actual  curvatures  are  not  steep  (the  drawing 
is  exaggerated)  and  the  accuracy  requirement  on  this  surface  is  only  about  one- 
quarter  that  of  an  aspheric  mirror.  The  reason  for  this  is  that  a  mirror  is  a  re¬ 
flecting  surface  and  any  etfror  in  the  surface  slope  doubles  the  deviation  of  a  re¬ 
flected  ray,  while  in  the  case  of  a  refracting  element  made  of  a  material  with  an 
index  about  1 . 5,  an  error  in  the  slope  of  the  surface  results  in  a  deviation  of  the 
refracted  ray  only  about  half  as  great. 

Bad  features  of  the  Schmidt  design  shown  in  Figure  II-8  are  that  the  cam¬ 
era  tube  face  is  pointed  downward  when  the  telescope  is  aimed  at  the  sky.  This 
light  path  could  be  folded  by  a  flat  mirror  so  that  the  light  was  brought  back  through 
a  hole  in  the  center  of  the  mirror,  but  this  involves  the  problem  of  folding  a  high 
aperture  beam,  requirea  a  large  flat  mirror  and  result*  in  considerable  light  loaa 
due  to  obscuration. 
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The  radius  of  curvature  of  the  image  surface  in  a  Schmidt  system  is 
equal  to  the  focal  length  or  40  inches  in  this  case .  The  sagitta  over  the  1 . 6  inch 
image  area  would  amount  to  .  008  inch  which  is  only  slightly  greater  than  the  .  006 
inch  depth  of  focus  and  easily  corrected  with  a  field  lens  or  may  even  be  ignored. 
The  chromatism  of  the  extremely  weak  corrector  plate  is  not  enough  to  give  trouble 
atf/1.5. 


The  Optic  systems  above  involve  one  or  more  large  aspheric  surfaces. 
Another  well  known  design  is  the  Cassegrain. 

f .  Cassegrain  System 

Primarily,  this  system  is  designed  for  a  long  focal  length  in  a  compact 
space  and  is  not  satisfactory  for  aperture  ratio  higher  than  f/8.  This  is  due  to  the 
fact  that  the  secondary  mirror  ecomes  very  large  and  the  off-axis  aberrations, 
especially  coma  is  even  worse  iuan  the  Newtonian  or  paraboloidal  mirror. 

g.  Wright  Camera 

The  Schmidt  principle  of  using  a  corrector  plate  has  been  applied  to  sev¬ 
eral  variations,  one  of  these  is  the  Wright  camera  shown  in  Figure  II— 9 .  This  ar¬ 
rangement  uses  a  primary  mirror  that  is  an  oblate  spheroid  which  differs  from  a 
sphere  by  the  same  amount  as  a  paraboloid,  but  in  the  opposite  direction.  The 
chief  purpose  is  to  produces  flat  image  and  a  shorter  instrument.  With  this  ar¬ 
rangement  the  corrector  plate  is  moved  in  from  two  focal  lengths  of  the  primary 
to  one  focal  length  reducing  the  tube  length  to  one-half.  The  corrector  plate  now 
has  to  be  twice  as  strong  because  it  is  "parabolizing”  an  oblate  spheroid.  This 
position  of  the  corrector  introduces  astigmatism  and  the  high  power  of  the  plate 
acting  as  a  lens  introduces  chromatism .  The  maximum  recommended  aperture  is 
about  f/3  due  la  the  difficulty  of  matte  the  tm  aspheric  aurfboas. 


CAMCftA  TUM  t 
col  aaavar 


40" 


Figure  Q-9.  Wright  Camera 
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h.  Schmidt-Cassegrain  System 

This  name  has  been  given  to  a  system  developed  during  this  study  using 
the  Schmidt  principle,  presumably  with  a  spherical  mirror,  and  a  convex  folding 
mirror  to  flatten  the  field  and  reverse  the  position  of  the  image  surface.  As  was 
mentioned  earlier,  the  Schmidt  system  can  be  folded  with  a  flat  mirror,  but  at  f/1 .5 
the  aperture  angle  is  so  large  that  the  mirror  offers  a  major  obstruction.  As  shown 
in  Figure  11-10,  if  the  focal  length  is  40  inches,  a  flat  folding  mirror  has  to  be  at 
half  this  distance  or  20  inches  from  the  mirror  and  this  leads  to  a  mirror  14  incheo 
in  diameter. 
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Figure  11-10.  Schmidt  System  with  Flat  Mirror 


The  situation  can  be  somewhat  improved  by  the  use  of  a  convex  mirror  which  de¬ 
creases  the  aperture  angle  of  the  rays.  Of  course,  the  apenure  angle  falling  on 
the  camera  tube  cannot  be  reduced  below  37  degrees  or  the  system  will  not  have  an 
f/1.5  aperture  ratio,  Since  a  convex  mirror  must  necessarily  decrease  the  aper¬ 
ture  angle  this  means  that  the  aperture  ratio  of  the  primary  must  be  increased. 

In  Figure  II— 1 1  the  primary  mirror  has  a  speed  of  f/1.0,  though  the  entire  system 
has  a  speed  of  f/1 .5.  The  diameter  of  the  folding  mirror  has  been  reduced  from 
14  required  for  a  flat  mirror  to  11  inches.  The  aperture  ratio  of  the  secondary  is 
not  f/1.5  but  only  about  f/7.  This  convex  mirror  should  be  a  hyperboloid  which 
is  not  too  difficult  to  make  at  this  aperture  ratio. 

If  the  obscuration  is  further  reduced  the  aperture  ratio  of  both  the  corrector 
plate  and  the  secondary  become  very  high  and  they  are  consequently  difficult  to 
make.  The  effective  "transmission"  of  the  system  shown  in  Figure  II- 11  compared 
to  an  Ideal  of  f/1. 5  system  with  no  obscuration  or  reflection  losses  is  about  70  per¬ 
cent. 


The  optical  quality  is  satisfactory,  providing  a  resolution  of  at  least  a  35 
micron  spot  over  the  entire  nearly  flat  field.  The  exact  amount  of  distortion  has 
not  been  calculated,  but  it  will  probably  be  least  for  a  flat  mirror  and  increase 
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Figure  11-11.  Schmidt-Cassegrain  System 


with  the  power  of  the  secondary.  In  some  cases  it  has  been  necessary  to  achroma¬ 
tize  the  corrector  plate  by  making  it  of  two  pieces  of  glass . 

i.  Maksutov  or  Bouwers  Camera 


All  of  the  designs  discussod  to  this  point  require  at  least  one  aspheric 
surface  which  has  to  be  hand-made  and  the  cost  of  which  increases  tremendously 
with  decreasing  f/ratio .  The  design  invented  simultaneously  by  Maksutov  and 
Bouwers  uses  the  principle  of  the  Schmidt  system  but  instead  of  an  aspheric  cor¬ 
rector  u*  es  a  plate  with  two  spherical  curves  which  approximates  the  action  of  the 
Schmidt  plate.  Most  authorities  have  come  to  the  conclusion  that'this  system  works 
well  up  to  f/2.5  and  can  be  made  faster  with  some  loss  of  image  quality.  An  f/l. 5 
Maksutov  system  is  shown  in  Figure  11-12  where  it  can  be  seen  that  the  length  of 
the  system  is  only  about  half  that  of  tiia  Schmidt.  The  Maksutov  corrector  with 
its  spherical  surfaces  is  easier  to  make  than  the  aspheric  Schmidt,  but  it  requires 
a  thicker  piece  of  glass. 

The  image  surface  in  this  design  is  turned  the  wrong  way  for  a  camera 
tube.  If  we  attempt  to  fold  this  system  we  find  the  same  difficult  '  as  in  the  folded 
Schmidt,  the  secondary  mirror  becomes  a  major  obstruction.  A  possible  solution 
is  the  same  as  that  suggested  in  the  case  of  the  Schmidt,  to  increase  the  speed  of 
the  primary  and  use  a  convex  secondary.  If  the  speed  of  the  primary  mirror  in  the 
Maksutov  system  is  ihcreased  above  f/l .  5,  it  is  found  that  the  power  of  the  cor¬ 
rector  lens  becomes  impractical.  A  common  solution  to  this  problem  of  a  strong 
lens  is  to  "splic"  it  into  two  equal  components .  In  this  case  the  two  halves  have 
equal  power  and  are  spaced  symmetrically  about  the  radius  of  curvature  of  the 
primary.  The  firat  such  system  was  constructed  by  Wynne  and  is  essentially  a 
two-corrector  Maksutov  that  can  be  made  as  fast  ss  f/0.8.  Figure  11-13  shows  an 
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Figure  11-12.  Maksuto"  System 


f/1.  3  folded  Wynne  system.  The  curvature  of  the  correctors  Is  now  much  less 
than  a  single  lens  because  the  power  is  divided  between  the  two.  Actually,  the 
system  could  be  made  more  compact  than  shown.  The  total  length  could  be  reduced 
to  about  70  inches  and  the  obscuration  to  less  than  ten  percent. 


Figure  11-13.  Folded  Wynne  System 
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j.  Variations  on  the  Schmidt  Principle 

The  design  of  the  Schmidt  system  calls  for  a  spherical  primary  mirror 
and  a  thin  oddly-contoured  corrector  at  a  distance  of  twice  the  focal  length  of  the 
primary.  1  s  system  produces  perfect  (diffraction  limited)  images  with  a  slight 
amount  of  d'  ’ortion  and  image  curvature.  For  use  with  a  camera  tube  the  image 
is  facing  the  wrong  direction  and  it  would  be  desirable  to  fold  the  light  path.  It  has 
been  shown  that  at  f/1 . 5  a  flat  folding  mirror  results  in  a  major  light  loss  and  of 
course  does  nothing  to  improve  the  distortion  or  field  curvature.  A  convex  folding 
mirror  can  be  made  to  correct  both  these  aberrations  and  at  the  same  time  shorten 
fte  telescope.  The  most  promising  of  these  is  shown  in  Figure  11-14.  In  this  ar¬ 
rangement  which  has  been  calculated  by  J.G.  Baker  and  others,  the  primary  is 
spherical,  the  secondary  which  is  considerably  smaller  is  only  slightlj  aspheric. 

It  if*  a  sphere  from  which  about  .4  micron  of  glass  has  been  removed  at  the  edges, 
the  corrector  is  of  the  usual  Schmidt  type.  This  telescope  is  considerably  shorter 
than  the  classical  Schmidt  (about  .  6  the  length)  and  is  completely  free  of  distortion 
as  well  as  all  the  usual  aberrations  and  has  a  flat  field .  The  only  difficult  part  to 
make  is  the  corrector  plate  and  it  is  quite  possible  to  develop  a  similar  Maksutov 
design.  The  system  shown  in  Figure  11-13  could  be  made  distortionless  also,  but 
it  would  probably  require  two  leases  as  shown  and  would  have  a  much  greater  tube 
length  thim  Figure  11-14  . 


4« 
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Figure  11-14.  Distortionless  System 
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k .  Comparison  of  Schmidt  and  Maksutov  Correctors  ] 

Essentially,  the  aspheric  Schmidt  plate  and  the  Maksutov  meniscus  lens 
perform  the  same  function;  they  "parabolize"  a  spherical  mirror  not  only  for  axial,  , 
but  also  off-axis  rays.  They  are  two  different  means  of  accomplishing  the  same  thing, 
but  they  are  not  equal.  The  following  differences  are  tabulated:  ^ 

1.  The  Schmidt  plate  can  he  made  from  a  thin  piece  of  glass.  The 
Maksutov  lens  is  made  from  a  fairly  thick  piece  of  glass . 

2.  The  actual  curvatures  on  the  Schmidt  plate  are  extremely  slight,  but 

they  are  aspheric.  The  curvatures  of  the  meniscus  lens  are  steep,  s 

but  they  are  spherical.  While  it  is  simple  to  make  these  surfaces  on  | 

a  machine  the  two  must  be  perfectly  centered,  a  not  too  simple  opera-  | 

tion .  1 

j 

3.  The  Schmidt  plate  at  high  aperture  ratios  introduces  chromatic  ab¬ 
erration,  the  meniscus  lens,  oddly  enough  does  not. 

4.  The  meniscus  lens  in  high  apertures  introduces  coma  and  astigmatism, 
the  Schmidt  plate  does  not. 

Because  of  these  differing  properties  several  persons  notably  Baker  and 
Linfoot  have  proposed  and  designed  systems  using  both  kinds  of  correctors  to  ob¬ 
tain  still  better  results.  One  of  these  is  the  Linfoot  Meniscus-Schmidt  which  has 
been  built  as  fast  as  f/1.2  with  nearly  perfect  imagery.  Since  the  correction  is  di¬ 
vided  between  two  optical  elements  neither  one  has  to  be  as  strong  as  a  single  f/1.2 
corrector  and  hence  they  are  fairly  simple  to  make.  This  is  shown  in  Figure  11-15, 

Of  course,  a  system  at  f/1.5  could  be  folded  as  in  Figure  n-14  and  made  distortion¬ 
less  .  In  this  design  the  aberrations  are  less  than  either  the  Schmidt  or  Maksutov. 


Figure  11-15.  Linfoot  Meniscus  -  Schmidt  System 


The  final  development  of  these  ideas  is  the  Baker  "Super-Schmidt”  in 
which  two  aspheric  corrector  plates  are  sandwiched  between  a  split  Maksutov  „ens 
•a  In  the  Wynne  camera.  This  design  is  capable  of  nearly  perfect  imagery  up  to 
•bout  f/0 . 8  and  ia  shown  diagra magically  in  Figure  11-16 . 


Figure  II- 16.  Baker  "Super -Schmidt"  System 


™fre  are  several  Possible  designs  that  meet  the  optical  requirements. 

The  one  that  appears  to  be  the  simplest  to  construct  and  has  the  least  mechanical 
problems  la  that  shown  in  Figures  0-11  and  11-14  which  may  be  described  as  a 
Schmidt-Cassegrain .  These  systems  are  known  to  be  distortionless  and  to  show 
Image  Quality  surpassing  the  requirements.  The  most  compact  is  that  shown  in 
Figure  U-14  which  uses  a  Schmidt  corrector.  It  is  also  possible  to  have  a  similar 
system  with  a  meniscus  lens  corrector,  but  if  a  split  menk  cus  corrector  is  re¬ 
quired  the  system  will  be  at  least  80  inches  long.  So  far  as  can  be  seen  at  present 
the  two  are  optically  equal.  The  meniscus  system  will  show  less  chromatism  over 
a  long  spectral  range.  The  cost  of  the  optics  appears  to  be  about  equal,  the  thin 
aspheric  corrector  or  the  thick  meniscus  are  equally  difficult  to  make.  The  rigidity 
of  alignment  of  these  systems  cannot  be  overemphasized.  Bending  of  the  tube  must 
be  less  than  .002  inch  in  any  position  and  the  separation  of  the  primary  and  correc¬ 
tor  must  not  change  more  than  about  .006  inch  with  temperature.  This  requires  an 
extremely  stiff  or  compensated  structure  made  of  Invar  or  compensated  by  bimetal- 
m»ohnnSitrUiCti0n'  The 'mounting  for  these  optics  is  a  large  part  of  the  expense.  For 
mechanical  reasons,  the  distortionless  Schmidt-Cassegrain  shown  in  Figure  11-14 
or  alternatively  the  equivalent  Maksutov  design  if  it  can  be  made  wiS  a  iSJle  corl 
rector  ia  recommendqd  for  the  aerospace  surveillance  task. 

Possible  Field 

aK.  9n  !&**££*  *£•*•  <Sohmjdt  or  Maksutov)  wiU  produce  a  good  field  of 

about  20  degrees.  Tbe  only  dittareaoe  bstveen  a  Schmidt-Cassegrain  designed  tor 
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3  degrees  and  one  designed  for  20  degrees  is  that  the  larger  field  requires  a  slightly 
larger  primary  mirror  and  secondary  and  will  therefore  show  somewhat  greater 
obscuration.  The  diffei’ence  in  cost  is  negligible. 


1.  Chromatic  Aberration  of  the  Schmidt  Corrector 


The  Schmidt  corrector  plate  acts  like  a  weak  lens  and  therefore  posses¬ 
ses  chromatic  aberration  which  cannot  be  corrected  by  the  associated  mirrors . 

As  in  any  lens,  the  amount  of  chromatism  is  a  function  of: 

1 .  Focal  length .  Actually  this  corrector  has  no  focus  and  this  factor  is 
the  distance  of  the  corrector  from  the  image.  The  magnitude  varies 
directly  with  this  distance. 

2.  Spectral  range  of  detector.  Photographic  film  has  a  range  of  about 
3000-7000A,  the  range  of  the  camera  tube  may  be  even  greater.  The 
magnitude  of  the  effect  varies  with  the  variation  in  dispersion  of  the 
glass .  All  known  glasses  show  high  dispersions  for  short  wavelengths 
so  that  it  is  really  the  amount  of  ultraviolet  that  determines  the  dis¬ 
persion  . 

Below  is  shown  the  spectral  xange  which  will  show  the  same  amount  of 
dispersion  in  different  parts  of  the  spectrum: 

Spectral  Region  Spectral  Range 


.  0  micron 

1800  A 

.75 

1000 

.70 

800 

.65 

600 

.57 

500 

.50 

400 

.45 

300 

.43 

250 

.41 

200 

.39 

180 

.37 

150 

.36 

100 

This  table  shows  that  if  the  allowable  dispersion  was  say  six  units,  then  if 
this  were  at  the  red  end  of  the  spectrum  it  could  cover  the  spectral  range  from  .  5 
micron  to  1 .0  micron,  while  if  it  were  at  the  blue  end  It  would  cover  only  the  range 
from  .36  to  .45  microns. 

These  figures  indicate  that  it  may  be  more  economical  to  eliminate  the 
ultraviolet,  if  the  total  energy  loss  is  small,  than  to  achromatize  the  corrector 
plate.  There  is  an  excellent  set  of  sharp  cut-off  filters  available  which  remove 
the  ultraviolet  or  blue  at  any  desired  wavelength  and  transmit  the  remainder  of  the 
radiation  nearly  completely. 
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S.  The  aperture  ratio  of  the  primary.  It  is  difficult  to  place  an  exact 
figure  on  the  point  where  achromatization  becomes  necessary  without 
actually  calculating  the  case.  It  can  be  said  that  a  96  inch  focus  f/2 
system  does  not  show  objectionable  color,  nor  does  a  30  inch  f/1 . 5. 
However,  for  the  distortionless  system  shown  in  Figure  11-14,  where 
the  corrector  plate  has  been  moved  in  from  twice  the  focal  length  of 
the  primary  to  about  1 . 1  focal  lengths  and  the  aperture  ratio  of  the 
primary  has  been  incre  ised  to  about  f/l  .0  to  compensate  for  the  re¬ 
duction  of  aperture  angle  by  the  convex  secondary  and  for  the  obstruc¬ 
tion  loss;  the  power  of  the  corrector  plate  also  has  to  be  increased . 

The  general  recommendation  is  that  for  this  system  and  a  focal  length 
in  the  region  of  40  inches  the  chromatism  of  the  corrector  plate  may 
become  objectionable  depending  on  the  required  short  wavelength 
spectral  range . 

At  this  point,  it  appears  that  we  have  a  borderline  case  where  no  definite 
decision  can  be  made,  but  there  are  several  alternatives: 

a.  Limit  the  blue  end  of  the  spectrum  with  a  filter. 

b.  Use  the  Meniscus-Schmidt  system  as  shown  in  Figure  11-15,  and  folded 
if  desired . 

c.  Achromatize  the  Schmidt  plate. 

Any  of  these  alternatives  appears  to  be  less  expensive  than  the  long  tube 
of  the  conventional  Schmidt  or  the  Wynne  system . 

m .  Conclusion 


There  appear  to  be  several  systems  that  meet  the  optical  requirements. 

All  of  them  are  modifications  of  the  Schmidt  or  Maksutov  camera.  Considering 
the  cost  of  both  the  optics  and  the  mounting,  the  system  shown  in  Figure  11-14  is 
favored.  Its  merits  are: 

1.  Shortest  length. 

S.  Completely  free  of  distortion  and  all  major  aberrations  except  possibly 
chromatism.  Means  for  combating  the  chromatism,  if  final  analysis 
shows  it  to  be  troublesome,  have  been  discussed . 

3.  Flat  field. 

4.  Good  image  quality  out  to  at  least  20  degrees  field,  more  if  required. 

5.  Folded  design  allows  placing  the  camera  tube  or  tubes  outside  the 
telescope,  and  if  fiber  optics  are  used  to  segment  the  field,  the  length 
of  the  optics  will  be  less  than  a  non-folded  system. 

6.  The  convex  secondary  mirror  is  not  a  difficult  pan  to  make.  It  is  al¬ 
most  a  sphere  slightly  figured  around  its  edge. 

7.  The  spherical  primary  is  easily  made. 

8.  The  resolution  could  be  made  to  exceed  the  present  requirements  if 
needed.  For  the  lowest  cost  the  specifications  should  call  for  no  more 
resolution  than  can  be  used  to  advantage. 
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1 .  Chromatic  Aberration  of  the  Schmidt  Corrector 

It  is  not  possible  to  decide  on  whether  or  not  the  chromatic  aberration  of 
the  corrector  plate  will  prove  troublesome.  There  are  several  alternative  desi,  ns 
for  the  corrector  plate;  in  fact  an  entire  family  of  curves  all  of  which  correct  the 
spherical  aberration  of  the  primary  and  have  various  advantages.  For  examp'e, 
there  is  the  corrector  plate  curve  that  requires  removing  the  least  material  and  is 
therefore  easiest  to  make  and  there  is  the  corrector  plate  that  shows  minimum 
chromatism.  With  this  second  design  which  is  the  one  Schmidt  himself  preferred, 
the  system  can  be  made  as  fast  as  f/1.0  without  showing  chromatism,  ""he  principle 
is  as  follows: 

The  curvature  of  the  plate  is  such  that  it  corrects  all  rays  to  a  given  zone 
of  the  mirror  having  a  radius.  .707  times  the  full  aperture.  The  plate  then  treats 
all  light  inside  this  zone  as  overcorrected  and  outside  as  undercorrected  for  spheri¬ 
cal  aberration,  with  the  resulting  effect  that  this  zone  of  the  plate  has  a  null  effect 
for  both  spherical  and  chromatic  aberrations .  It  follows  that  the  residual  chroma¬ 
tism  introduced  by  such  a  plate  consists  of  two  portions,  one  overcorrected  outside 
the  zone  and  the  other  undercorrected  inside  the  zone,  and  these  two  portions  tend 
to  nullify  each  other. 

Or  in  other  words;  by  proper  design  it  is  po  ssible  to  reduce  the  chromatism 
to  about  one-quarter  of  the  amount  indicated  by  simple  theory  of  correction  for  the 
marginal  rays. 

2.  Distortion  of  the  Schmidt 

The  basic  principle  of  the  Schmidt  camera,  which  is  the  use  of  a  spherical 
mirror  with  an  aperture  stop  at  its  radius  of  curvature,  leads  to  a  system  in  which 
angular  magnification  is  independent  of  field  angle,  and  therefore  is  constant. 
Basically  the  system  has  no  distortion. 

The  two  factors  which  introduce  minor  amounts  of  distortion  are  attempts 
to  flatten  the  naturally  curved  image  surface  and  "cosine  magnification"  of  the  cor¬ 
rector  plate . 

The  normal  Schmidt  system  has  a  focal  surface  whose  radius  of  curvature 
is  exactly  equal  to  the  focal  length  of  the  primary.  If  a  large  portion  of  this  image 
is  used  its  depth  will  exceed  the  depth  of  focus  when  this  image  is  placed  on  a  flat 
detector.  It  is  common  therefore  to  use  a  plano-convex  lens,  flat  side  toward  the 
detector  to  shorten  the  focus  of  the  axial  rays.  Such  a  lens  is  called  a  field-flattener. 
One  way  to  look  at  the  operation  of  such  a  lens  is  shown  in  Figure  II-17a  where 
curved  wavefronts  are  shown  entering  a  plano-convex  lens.  Since  light  travels 
slower  in  glass  than  in  air  the  center  of  the  wavefront  is  retarded  most  by  the  thick¬ 
est  part  of  the  lens  and  if  tine  lens  is  designed  properly  the  wavefront  emerges  prac¬ 
tically  flat. 

Another  way  to  look  at  the  matter  is  to  draw  the  ray  paths.  Figure  11-17 
shows  the  foci  of  axial  and  marginal  rays  falling  on  a  curved  surface  Figure  Il~17c 
shows  what  happens  when  the  field-flattener  is  used.  The  curved  surface  of  the 
lens  not  only  changes  the  focus  but  also  the  lateral  position  of  the  focus  because  for 
rays  In  intermediate  zones  it  acts  as  deviating  wedge  as  well  as  a  lens.  This  kind 
of  distortion  can  be  calculated  by  finding  the  zone  of  the  field-flattening  lens  where 


the  maximum  distortion  occurs  and  then  finding  the  prism  deviation  from  the  lens 
power.  Knowing  die  required  lens  thickness  the  lateral  deviation  or  distortion  can 
be  found. 


In  this  case  the  most  sensitive  zone  for  a  1 . 6  inch  diameter  field-flattener 
is  at  .  586  inches  from  its  center.  The  radius  of  curvature  of  the  image  surface  in 
a  40  inch  focal  length  Schmidt  is  40  inches.  The  sag  or  depth  to  the  focal  surface 
across  a  1 . 6  inch  diameter  is  .  008  inches .  To  flatten  out  a  wavefront  with  this 
curvature  requires  a  lens  that  has  a  variation  in  thickness  calculated  from  the  for¬ 
mula: 


T  * 


nV 

<n-l) 


where 


T  is  variation  in  thickness 
n  is  the  refractive  index  of  the  glass 
V  is  the  sag  in  the  wavefront 

If  a  glass  with  an  index  of  1 . 5  is  used  T  becomes  .  024  inches  and  the  radius  of  the 
lens  is  13.3  inches.  The  slope  angle  of  the  convex  surface  at  a  zone. 586  inches 
from  center  is  2-1/2  degrees  and  the  optical  deviation  angle  is  75  minutes  ol  arc. 

The  thickness  of  the  lens  at  this  point  is  about  .0096  inches.  Where  a  ray  travels 
.0096  inches  and  is  deviated  from  its  true  course  by  75  minutes  its  position  will  be 
deviated  .0002  inches  from  the  true  position  and  this  is  the  maximum  distortion 
due  to  this  cause.  Even  with  a  focal  length  as  short  as  30  inches  the  maximum 
displacement  of  any  point  in  the  image  will  be  .00032  inches.  Both  of  these  dimen¬ 
sions  are  lesa  than  a  resolution  element  of  the  optical  or  TV  system  and  therefore 
probably  not  worth  considering.  For  the  record,  this  type  of  distortion  is  not  the 
normal  cubic  variety,  but  is  positive  or  pincushion  zonal  distortion. 

The  second  source  of  distortion  is  the  corrector  plate .  It  is  designed  to 
have  zero  power  for  paraxial  rays,  but  which  can  have  any  one  of  several  shapes 
described  by  a  family  of  curvea .  Normally,  the  corrector  plate  is  installed  flat 
side  toward  the  incoming  light  so  that  paraxial  rays  are  all  normal  to  this  surface 
aad  are  not  demoted  until  they  strike  the  aspheric  surface .  Off-axis  rays  strike 
the  flat  surface  of  the  corrector  at  an  angle  and  are  refracted  so  that  they  are  dia- 
plpoed  from  their  true  paths  by  an  amount  determined  by  the  thlckdess  of  the  plate 
ttd  the  difference  between  the  angles  of  incidence  and  refraction. 

It  is  normal  to  make  a  corrector  with  a  thickness  one-twentieth  to  one- 
fortieth  its  diameter  so  that  it  is  a  relatively  thin  lens .  A  full  treatment  of  this 
kind  of  distortion  has  been  given  in  an  astronomical  paper  which  is  not  presently 
available.  It  la  believed  the  distortion  is  quite  small  and  thus  unimportant  for  the 
field  angles  considered  in  this  study. 

There  is  a  full  discussion  of  all  of  the  errors  of  the  Schmidt  to  the  fifth  or¬ 
der,  with  and  without  field-flatteners  in  the  book  "Re<  ant  Advances  in  Optics".  (3)  Ac¬ 
cording  to  the  formulas,  distortion  due  to  the  corrector  plate  is  more  or  leas  of  the 


0)Linfoot.  Recant  Advances  la  Optics,  Oxford  University  Prase,  1956. 
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normal  type,  reaching  a  maximum  at  the  edge  of  the  image,  and  for  the  proposed 
system  would  amount  to  only  .  00005  inches  at  the  edge  of  a  central  field  the  size  of 
one  image  tube  and  even  if  six  image  tubes  were  used  the  distortion  would  be  only 
.0005  inches  or  less  than  a  resolution  element. 

Thus  for  the  size  fields  we  have  considered,  the  normal  Schmidt  system 
distortion  with  or  without  a  field-flattener  is  negligible  in  that  it  is  less  than  a  reso¬ 
lution  element. 

12.  FIBER  OPTICS 

The  optics  generally  offer  a  larger  image  plane  area  without  serious  distortion 
than  a  single  image  orthicon  or  other  electrical  sensors  can  serve.  Fiber  optics 
offer  the  possibility  of  coupling  more  than  one  I.O.  to  this  image  plane.  They  also 
can  be  used  to  couple  a  rectangular  area  to  a  square  area  or  vice  versa. 

From  about  195C  to  1961  there  was  a  great  deal  of  work  done  in  the  field  of 
fiber  optics  .  The  Journal  of  the  Optical  Society  of  America  published  papers  on 
the  subject  in  pretty  rapid  fire  order  from  1957  to  1961.  A  notable  series  of  papers 
by  N.S.  Kapany  and  others  covers  the  subject  very  thoroughly.  The  first  paper  in 
the  series  was  in  1957,  V47,  page  413.  The  concluding  paper  (No.  9)  was  published 
in  1961,  V51,  page  1067.  Other  good  papers  by  Hicks,  Snitzer,  Sigmund,  and  others 
appear.  One  by  Snitzer  on  waveguide  modes  in  1961,  V51,  page  499  is  useful.  There 
«U  also  a  general  article  in  the  Scientific  American  about  a  year  ago  and  a  front 
cover  illustration  showing  waveguide  effects . 

In  general  the  fiber  systems  used  to  couple  a  lens  image  plane  to  an  I.O.  can 
be  treated  as  a  geometrical  element.  Waveguide  effects  do  not  appear  in  fibers 
over  ten  wavelengths  in  size.  General  Electric  developed  a  fiber  transmission 
system  using  four  micron  diameter  fibers .  Waveguide  propagation  was  evident  if 
looked  for  closely,  but  did  not  have  any  effect  on  output  resolution.  Skew  rays  be¬ 
have  peculiarly,  for  example,  a  single  fiber  illuminated  at  an  angle  by  a  single 
pencil  of  light  will  distribute  light  in  an  annulus  at  its  exit  end.  For  this  reason 
it  is  not  strictly  correct  to  assign  a  numerical  aperture  to  a  fiber  system  although 
this  is  frequently  done.  Bends  generate  skew  rays  and  may  result  in  light  entrap¬ 
ment  inside  the  fiber.  These  effects  are  minor  in  most  applications,  resulting  in 
a  alight  losfe  of  efficiency.  The  absorption  coefficient  of  a  typical  fiber  is  10~Vcm 
which  is  about  1%  absorption  per  meter:  -  Very  low . 

The  following  data  (about  two  years  old)  from  Mosaic  Fabrications,  Inc. ; 

205  Chapin  Street;  Southbridge,  Massachusetts;  aarvea  to  illastrate  die  availability 
and  versatility  of  fiber  optics. 

UM1TATION8  OF  THE  PRESENT  STATE  OF  THE  ART 

The  following  are  a  few  devices  that  may  be  of  interest.  The  limits  are  in 
some  cases  dependent  on  each  other  and  in  some  cases  dependent  on  less  obvious 
parameters  so  that  in  each  case  of  raal  interest,  someone  familiar  with  the  art 
should  be  consulted  for  a  more  MWt  optoiea .  This  le  only  a  rough  guide . 

CUT  FACE  PLATES 

Size:  up  to  10" 

Fiber  state:  down  to  5  microns 
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Chromatic  Aberrations 


IM1 


Numerical  aperture:  up  to  .95 

Distortion:  up  to  1%  (but  the  distortion  is  not  correctable  by  standard  optica) 
Inner  curvature:  probably  no  restrictions 

STRIP  FACE  PLATES  (FOR  REAPING  OUT  A  SINGLE  ONE  OR  TYPE  OR  THE  LIKE) 

Site:  up  to  1/2"  by  10" 

Fiber  Size:  down  to  5  microns 
Maximum  number  of  fibers:  up  to  50,  000 
Numerical  aperture:  up  to  .95 
Distortion:  less  than  .005"  absolute 

HELD  FLATxENERS  (TWO  DIMENSIONALl 

Same  as  face  plates,  plus: 

Field  angle  correction:  Should  not  operate  out  of  or  into  an  optical  system 

slower  than  F/4.  O.K.  for  contact  work. 

FIELD  FI  ATTENERS  (ONE  DIMENSIONAL) 

This  area  is  unexplored,  but  the  total  number  of  lines  across  the  width  is 
probably  not  limited.  The  minimum  fiber  size  is  probably  around  10  microns. 

Field  angle  correction  is  the  unknown  quantity  here. 

IMAGE  DISSECTOR8  (FOR  CONVERTING  A  SINGLE  OPTICAL  LINE  TO  SEVERAL 
_ LTNES  ON  AN  PIMM  TiMl  _ 

Size:  up  to  20" 

Fiber  Size:  down  to  5  microns 
Maximum  number  of  fibers:  19,  m  < 

Numerical  aperture:  spto  .7 
Distortion:  up  to  5% 

Field  angle  correction:  Unknown,  but  don't  count  on  working  Jato  an  optical 

system  slower  than  F/3. 

FLEXIBLE  PERISCOPES  ICUBMIITLT  UNAVAILABLE! 

Size:  up  to  1/2"  diameter 
Length:  up  to  25  feet 

Maximum  number  of  fibers:  up  Ut  1, 000  across  diameter 

Fiber  size:  down  to  10  microns  (down  to  2  microns  for  very  short  rose  and 
special  applications) 

Numerical  aperture:  up  to  .  6  (.  85  for  contest  work) 

Flexibility:  less  thaa  you  would  imagine 
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OPTICAL  MILLEFIQRI 

Cross  sections:  square,  rectangular,  round  hexagonal 

Fiber  size:  down  to  3  microns 

No.  of  fibers  across  diameter:  up  to  50 

Numerical  aperture:  up  to  .7 

Diameter:  up  to  1/2" 

IMAGE  CONDUIT 

Cross  section:  round 
Fiber  size:  down  to  3  microns 
No.  of  fibers  across  diameters:  500 
Numerical  aperture:  up  to  .  7 

All  of  the  above  devices  can  be  used  to  give  magnification  or  demagnification . 

In  some  cases  this  makes  the  job  harder,  in  other  cases  easier.  When  magnifica¬ 
tion  or  demagnification  is  used,  the  minimum  fiber  size  at  the  small  end  can  be  as 
low  as  sacrifice  transmission  efficiency. 

Spectral  transmission  range  at  least  ,4200  to  1  micron  in  all  cases.  For  a 
length  of  2"  cr  less  .3800  to  2  microns.  For  a  length  of  1/2"  or  less  .3600  to  2 . 5 
microns .  For  critical  applications  special  glasses  may  be  used  which  go  out  to 
.  3200  microns .  This  will  generally  result  in  a  low  numerical  aperture  (around  .  3) . 

"Optical  mosaics"  refers  to  fused  blocks  such  as  CRT  face  plates,  field  flat- 
teners,  etc. 

"Millefiori"  are  single  stranda  of  fairly  arbitrary  cross  section  (circular, 
square,  esm posed  of  t,  000  eg  less  elements  fused  together .  They  are  reason' 

ably  flexJMlNp  to  .  030"  diaiMAW  and  on  In  any  case  be  hot  bent  to  any  desired 
path. 

"Image  conduit"  is  the  same  but  composed  of  more  elements  —  up  to  100,000. 
These  will  carry  a  reasonably  good  picture . 

Single  fiber  refers  to  clad  optical  grade  fiber.  We  don't  encourage  the  sale  of 
this  as  a  raw  material,  but  where  Hw  customer  wants  to  experiment  with  fancy  con¬ 
figurations  or  where  the  single  ftktr  is  Us  and  product  —  It  on  be  bought. 

13.  MOUNT  REQUIREMENTS 


Mount  precision  (smoothness)and  angular  accuracy  is  only  moderately  critical 
in  the  actual  surveillance  system  in  that  it  need  only  be  held  within  one  resolution 
element  size  or  approximately  8  to  12  Set? S  (.002° to. 003°)  depending  on  system 
field  of  view  for  the  exposure  time  of  the  sensor.  The  type  of  mount  (axis  arrange¬ 
ment)  most  generally  will  be  equatorial  that  is  rotation  in  declination  and  hour  angle 
to  follow  star  movement.  Since  this  rate  ia  slow  (» 1  revoluttoa/day)  special  care 

^  anils il  to  «**■*•*■  the  smoothness  leuuifed. 


When  obtaining  a  catalog  with  photographic  film  or  plates,  etc . ,  the  precision 
and  smoothness  must  be  about  twice  as  great  as  indicated  above  and  over  the  longer 
period  of  time  required  for  the  film  exposure. 

For  other  supplementary  applications  where  high  resolution  viewing  or  precision 
tracking  is  required  more  precise  mounts  are  needed.  Here  the  practical  limits  vary 
depending  on  system  requirements.  For  instance,  if  the  track  is  only  the  sidereal 
axis  motion  smooth  worm  drives,  weight  or  spring  loaded,  are  adequate  and  inexpen¬ 
sive;  however,  if  the  track  motion  varies  then  an  expensive  precise  mour.t  is  needed 
plus  special  provision  for  handling  jitter  and  non -uniformity  (Precision)  in  motion. 

In  this  case,  torque  motor  drives,  air  or  hydraulic  bearings  etc. ,  are  usually  needei 
plus  special  tracking  techniques. 

14.  OPTICS-SENSOR  TRADES 

Before  completing  the  optics  selection  and  equipment  design  calculation  tech¬ 
niques,  we  must  examine  potential  sensors  and  their  characteristics  and  specifica¬ 
tions  and  possible  processing  techniques,  as  these  will  affect; 

a)  Limits  of  resolution . 

1.  Optical  quality  of  image  for  the  full  spectrum  of  the  sensor. 

2.  Photocathode  resolution  and  charge  spreading. 

3.  Scanning  beam  diameter. 

4.  Electronic  circuitry. 

b)  Energy  required  per  picture  and  per  resolution  element  vs  single  and  groups 
of  scanning  lines . 

0)  Sensitivity  and  detectability  limits. 

1 .  Background  level  (sky  or  scene  illumination  level) . 

2.  Beam  noise  (shot  noise). 

3.  Circuit  noise . 

4.  Integration  capability  of  sensor. 

4)  Extent  of  baffling  permitted  to  reduce  background  noise  buildup  and  reflec¬ 
tion  losses  in  reflecting  optics  systems,  optical  losses  and  transmission 
efficiencies  in  refractive  elements,  etc.  Use  of  spun  or  cast  aluminum 
coaled  mirrors  instead  of  glass,  etc. 

In  addition  to  detection  parameters  and  processing  techniques,  the  system  re¬ 
quirements  should  be  analyzed  to  be  sure  of  a  compatible  system .  For  instance; 
large  optics  are  only  needed  for  applications  involving  Fast  Moving  Object  Surveil¬ 
lance  and  Detection.  For  other  requirements  use  smaller  optics  with  integration 
time  set  for  detection  limit  desired.  Also,  detection  is  not  limited  to  an  object 
(star  or  satellite)  the  same  magnitude  as  the  background  magnitudes  per  square 
fecono  of  arc.  When  a  short  focal  length  lens  is  used,  a  single  resolution  element 
looks  at  a  background  sky  area  of  many  Seed2  and  thus  the  background  is  increased 
accordingly,  and  depending  on  its  value  can  limit  performance.  For  long  focal 
lengths  the  background  might  be  film  than  the  equipment  noise  limit  and  thus 
would  not  be  meted. 
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Though  optics  systems  are  generally  used  for  a  diametrical  view  (round  field)  or  a 
square  or  nearly  square  (3  x  4  raster)  they  are  by  no  means  so  limited. 

One  pertinent  variation  applicable  to  the  space  surveillance-  task  is  the  "strip 
view".  That  is  the  field  of  view  is  small  in  the  vertical  axis  ''elevation  or  declina¬ 
tion)  and  extensive  in  the  horizontal  axis  (azimuth  or  hour  angle).  This  technique 
permits  a  ring  fence  or  fans  to  be  established  thru  which  objects  of  interest  must 
pass .  Much  like  the  "fans"  of  the  early  warning  radars  . 

The  Maksutov  optics  adapts  well  to  this  technique  in  that  it  can  be  made  to  have 
a  long  narrow-image  plane  area .  By  making  it  narrow  the  light  obstruction  due  to 
the  collecting  image  plane  surface  minimizes  this  otherwise  disadvantage.  The  im¬ 
age  is  collected  from  its  curved  focal  plane  thru  use  of  filter  optics  and  fed  to  a 
series  of  I.O.  ’s  to  the  extent  of  resolution  and  horizontal  angle  coverage  desired. 
(60°  or  more  is  practical  from  a  single  optics  system). 

The  economics  of  the  optics  -  fiber  system  -  number  and  type  of  sensors,  and 
mount  package  will  vary  with  ingenuity  of  the  manufacturing  techniques  available  to 
the  contractor  involved,  and  thus  will  determine  the  choice . 

These  paragraphs  illustrate  the  possibilities  available  to  the  system  design 
group  as  long  as  equipment  is  not  specified  but  rather  only  the  task  to  be  accom¬ 
plished  . 

B.  DETECTION  ANALYSIS 

This  subsection  will  define  and  analyse  detection,  and  will  calculate  detection 
loss  and  performance  litnita  of  an  itnip  evUicon. 

a .  Introduction 


For  most  image  devices  the  eye  is  used  as  the  final  detector.  Such  devices 
include  image  amplifiers  with  a  continuous  non-scanned  output,  and  image  orthicons 
and  vidicons  that  use  a  scanned  electron  beam  readout  with  a  cathode  ray  tube  scan¬ 
ned  image  presentation . 

When  the  eye  is  used  as  the  final  detector,  the  problem  of  detecting  a  point 
object  is  a  function  of  the  viewing  conditions.  The  eye  has  a  finite  integration  time 
(usually  considered  0.2  seconds)  and  a  viewing  angle  approximately  5  arc  minutes 
in  diameter  for  this  integration  time.  The  smallest  object  the  eye  can  resolve  is 
about  1  arc  minute  in  diameter;  and  the  resolution  sensitivity  of  the  eye  is  a  func¬ 
tion  of  the  illumination  level.  This  discussion  will  assume  that  the  overall  bright¬ 
ness  and  gain  of  the  image  display  system  (monitor)  can  be  adjusted  for  best  view¬ 
ing  conditions,  including  an  optimum  viewing  distance  from  the  monitor. 

In  1948,  Albert  Rose  of  RCA ^  found  that  a  signal-to-.  oise  ratio  of  5  was 
necessary  for  detection  of  a  point  object  with  a  "flat  field"  background.  The  signal 
is  defined  as  the  mean  number  of  differential  flashes  or  quanta  in  the  object  area, 
compared  to  the  flashes  in  any  object-sized  area  of  the  adjacent  background .  The 
signal  originally  was  negative,  or  less  than  the  average  background,  but  for  small 
contrast  the  theory  holds  for  signals  greater  or  less  than  the  average  background . 
The  noise  is  defined  as  the  sigma  or  fluctuation  of  the  flashes  in  all  object-sized 
background  areas,  which  for  a  Raisson  process  is  the  square  root  of  the  mean 

(4)Rose,  Albert,  Journal  of  Optical  Society  of  America  Vol.  38,p.  196;  1949. 
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number  of  flashes  in  each  object-sized  area .  The  signal  mean  and  background 
mean  flashes  are  the  time  integration  of  the  total  flashes  in  the  eye  integration  time 
of  0.2  seconds,  if  the  image  is  viewed  directly.  Figure  n-19  shows  the  analytical 
image. 


N  > 

For  Detection:  -rr-  =  V5  (1) 

(From  Rose)  WB 
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N  IS  A  NUMBER  OF  LIGHT  FLASHES  IN  THE  AMPLIFIEO  OUTPUT, 
OR  THE  IMAGE  LIGHT  PHOTONS  OR  PHOTOELECTRONS. 

Figure  11-19.  Point  Object  Detection  in  Flat  Field  Background 


What  does  this  signal-to-noise  ratio  of  5  (or  greater)  mean  in  terms  of  percent  de¬ 
tection  and  false  alarm  rate?  It  is  assumed  that  both  signal  and  background  have 
Poisson  distributions  of  time  variation  between  successive  images,  and  the  back¬ 
ground  has  a  spacial /Poisson  distribution  for  each  image.  The  following  brief  an¬ 
alysis  of  detection  and  false  alarm  considers  just  one  image,  and  defines  the  proba¬ 
bility  that  the  signal  area  with  a  msan  of  Nb  +  Ng  has  a  specific  value  (x)  or  greater 
In  be  tits  detection  probability,  with  a  comparable  false  alarm  rate  defined  as  the 
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probability  that  one  of  the  background  elements  with  a  mean  of  (Ng)  can  be  (x)  or 
greater.  The  assumption  has  been  made  that  Ng  is  large  enough  so  the  Poisson 
distribution  is  Gaussian  even  in  the  tail  areas  of  smail  probability.  The  sigma  equal 
to  the  square  root  of  the  mean  relation  of  a  Poisson  distribution  has  been  kept,  blit 
the  analysis  would  be  unmanageable  if  the  actual  Poisson  distribution  were  used  to 
analyze  false  alarm  rates  of  10-3  to  10"7. 

Even  with  the  assumption  of  a  Gaussian  curve,  the  false  alarm  rates  are  a 
function  of  the  assumed  background  mean  Ng.  unless  a  detection  probability  of  0.5 
is  required.  The  detection  probability  and  false  alarm  rate  for  two  values  of  Ng 
(100  and  *>)  and  two  ratios  of  peak  signal  to  rms  noise  (5  and  6)  follows.  Figure 
n-20  shows  point  object  detection  drawn  as  two  probability  curves. 


Figure  11-20.  Point  Object  Detection  Drawn  as  Probability  Curves 


Now  to  define  various  signal-to- noise  ratios:  the  image  aignal-to-noise  ratio 
is  defined  by  the  number  relatione  ef  lap  photons  ooUected  by  n  lane. 


=  photons 
^  Ng  photons 


(2) 


So  the  image  signal-to-noise  ratio  Ira  can  be  changed  by  a  change  of  the  lens  used 
to  make  the  image,  or  the  image  inStration  lime,  but  ia  not  a  function  of  subse¬ 
quent  quantum  efficiency,  etc . 


The  detection  signal-to-noise  ratio  is  defined  by  the  number  relations  of  the 
final  particles  used  to  form  the  image  viewed  by  the  eye:  for  an  image  orthicon 
the  particles  are  photo  electrons,  and  the  background  has  to  consider  the  additional 
electrons  not  caused  by  the  background  photons .  For  a  film  image  the  particles 
are  developed  silver  crystals,  and  the  background  has  to  consider  the  additional 
background  developed  particles  due  to  fogging  and  not  caused  by  background  photons. 
Since  there  is  some  image  spreading,  the  background  particle  number  has  to  bn 
counted  in  an  area  equal  to  the  spread  area . 
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DETECTION  PROBABILITY  AND  FALSE  ALARM  Rn  E 


CONDITION  DETECTION  PROBABILITY  FALSE  ALARM  RATE 
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X  is  the  image  spread  in 
terms  of  resolution  elements 


The  detection  signal-to  noise-ratio  is  a  function  of  the  image  quantum  efficiency, 
amplifier  and  scanning  beam  noise,  thermal  background  electrons  from  the  photo¬ 
cathode,  and  other  system  variables.  The  detection  signal-to-noise  ratio  Dgj^  is 
always  equal  to  or  less  than  the  image  signal-to-noise  ratio  Igj^.  And  a  detection 
signal-to-noise  ratio  of  5  is  required  for  good  probability  of  detection .  The  per¬ 
formance  of  any  given  device  can  be  expressed  by  the  ratio  Dgjj/Igjj.  where  the 
best  performance  gives  the  largest  ratio. 

b.  Point  Image  Detection 

1)  Star  Detection  and  Image  Signal-to-Noise  Ratios 

The  theoretical  limit  of  star  magnitude  or  intensity  that  can  be  detected 
depends  upon  the  finite  background  illumination  of  the  night  sky.  Therefore,  a  cal¬ 
culation  will  be  made  of  the  image  signal-to-noise  Igjj  as  a  function  of  the  lens, 
exposure  time,  and  background  intensity. 

A  report  by  John  Spalding^)  gives  the  background  intensity  in  terms  of 
star  magnitude  per  angular  area,  and  the  sky  resolution  limit  of  1  square  arc 
second  of  angular  area  as  the  spread  of  any  point  source  due  to  atmospheric  tur¬ 
bulence.  Thus,  the  background  number  should  be  calculated  from  a  1  square  arc 
second  of  angular  area . 

Star  magnitudes  are  a  method  of  compressing  the  intensity  ratios,  similar 
to  a  db  scale.  The  origin  of  star  magnitudes  was  based  on  the  ability  of  the  unaided 
eye  to  see  a  range  of  intensities  called  5  steps  or  magnitudes .  Measurements 
showed  that  this  range  of  5  magnitudes  hid  an  intensity  ratio  of  100.  This  can  be 
expressed  mathematically,  with  «Mh  sebecript  refsrrlaf  to  a  specific  or  general¬ 
ized  star  magnitude: 


=  100: 


•o*.®  '  »«*%• 100 


(4) 


In  general: 


I 


09  lo«10f6 

,0‘>»  'i  - 


o  _ 


=  Kx  2  *  5:  K  =  2.5 


|  Mx  =  0.4  M  :  -p 
5  x 


100.4Mx 


(5) 

(6) 


Negative 
0  intensity 


So,  the  larger  the  star  magnitude  Mx,  the  smaller  the  intensity  Ix 
star  magnitudes  imply  an  intensity  greater  than  the  reference  Iq.  This  i 
is  due  to  a  point,  and  its  units  are  flux  (in  lumens,  photons  persecond,  or  watts) 
per  unit  area  perpendicular  to  the  flux,  in  square  centimeters  usually. 

(5) Spalding,  J.,  "Photoelectric  Observatory  Report  #1",  GEL  TIS  60  GL  186. 
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The  flux  density  of  the  zero  magnitude  intensity  can  be  given  in  the  follow¬ 
ing  terms: 

,-10  lumens 


I  =  2 .4vi  x  10 
o 


Outside  Atmosphere 


(7) 


I  =  2.07  x  10 
o 


cm 

-10  lumens 


cm 


Inside  Atmosphere 

Atmosphere  Transmission 
at  Zenith:  =  .  85 


v  -  in6  Photons  x  (t  exposure  cm2  lens) 


cm  second 


Outside  Atmosphere 


(8) 


If  the  background  is  given  or  calculated  in  terms  of  star  magnitude  Mb 
per  night  sky  square  second  of  arc: 


=  10°4MB;^  =  10-04MB: 
B  o 


N  =  n  x  10'0-4MB  xt  x  cm 
B  o 


Now,  for  any  image  system  the  minimum  background  angular  area,  whatever  the 
system  resolution,  is  1  square  second  of  arc  due  to  the  atmosphere .  Therefore, 
this  will  be  the  assumed  resolution  limit  of  film.  But  a  scanned  image  has  a  reso¬ 
lution  image  area  equal  to  the  total  Image  area  divided  by  the  square  of  the  number 
of  scan  lines  (for  a  square  raster),  and  this  resolution  image  area  will  be  equiva¬ 
lent  to  X2  square  seconds  of  arc,  where  X  is  a  function  of  the  number  of  TV  scan 
linea  and  the  lens  focal  length. 


The  general  expression  for  the  1 


n£ 


8N 


]gg  assuming  photon  noise  only  is: 

V-l 


where  X  is  the  number  of  square  seconds  of  sky  per  image  resolution  element 
(X  is  always  1  or  greater)  N§  is  the  number  of  photons  per  picture  of  a  star,  and 
MB  is  the  number  of  photons  per  square  ssoond  of  sky  per  picture  due  to  background 

Vbr  a  scanned  image  system, 


X  = 


Image  Width _ 

Lens  Focal  Length 
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After  a  photocathode  conversion  from  photons  to  photoelectrons,  or  a 
film  conversion  froth  photons  to  developable  grains  of  silver,  a  quantum  efficiency 
ia  defined  as; 
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For  good  detection,  Dg^,  =  5: 
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Now,  if  equation  8A  is  evaluated  for  the  best  conditions  of  Mount  Palomar: 

t  *  10  hours  =  36000  seconds:  X  =  1  arc  see  /  resolution  element 

ft 

*  200  inches  =  508  cm:  Mg  =  21 . 5  mag/arc  sec  sky 

N  *  0.85  x  106  Pho|Pn8  (Inside  Atmosphere) 
cm  sec 

Mgg  «  10.75  4  2.5  log1Q  163  +  2.5  loglQ  508^36000  Ve 
M^  =  28.75  magnitude  for  e  -  1.0 

ijU 

-2 

Mgg  =  26.25  magnitude  for  e  =  10 

-3 

Mgp  =  25 . 0  magnitude  for  e  =  10 
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2)  Star  Detection  Loss  Due  to  Image  Orthicon 

The  visual  photon  image  is  changed  by  the  image  orthicon  into  a  photo- 
electron  charge  image  that  is  read  by  a  scanning  beam,  amplified  by  an  electron 
multiplier,  amplified  and  pro.  ossed  (level  clamped  and  sync  added)  external  to  the 
image  orthicon,  and  displayed  on  a  monitor.  The  following  analysis  will  find  the 
resultant  monitor  detection  ratio  for  visual  evaluation,  and  will  also  consider  the 
electronic  signal  to  noise  ratio  for  electronic  evaluation.  These  assumptions  are 
made: 

a.  The  ohotocathode  quantum  efficiency  e.  the  mesh  transmission  target 
photoeathode  secondary  emission  S*.  and  dvnode  (1)  secondary  emis¬ 
sion  Sj  are  all  uniform,  so  there  is  a  "flat  field”  outDut  with  a  "flat 
field"  illumination  input.  There  is  no  grain,  mottling,  spots,  shad¬ 
ing,  etc. 

b.  The  monitor  detection  is  not  limited  by  the  eye  angular  acuity.  The 
brightness,  gain,  and  viewing  distance  can  be  adjusted  for  optimum 
viewing. 

c.  The  electrical  signal-to-noise  ratio  is  not  affected  by  an  amplifier 
external  to  the  image  orthicon. 

d.  A  perfect  eye  integration  of  0.2  seconds. 

e.  Linear  beam  landing  characteristics. 

To  emphasize  assumption  c,  the  camera  prenrnp  is  assumed  to  be  perfect 
with  no  noise.  This  cannot  be,  but  the  analysis  will  then  show  a  theoretical  limit 
of  detection  determined  by  various  constants  of  the  image  orthicon.  And  if  enough 
image  orthicons  constants  are  accurately  known,  the  comparison  of  analysis  with 
performance  will  show  the  detection  lose  that  can  be  assigned  to  the  external  ampli¬ 
fier. 


The  analysis  will  calculate  the  detection  loss  of  the  image  orthicon  by  ex¬ 
pressing  the  detection  signal-to-noise  ratio  in  terms  of  the  original  signal-to-noise 
(at  the  photocathode)  as  the  signal  passes  through  the  image  orthicon.  The  Dsn 
will  be  found  before  the  photo  electrons  from  a  charge  image  on  the  target,  the  Dsn 
of  the  target  charge  pattern,  the  Dsn  °f  the  return  scanning  beam,  and  the  Dsn 
after  amplification  by  the  electron  multiplier  stages,  where: 


N 


D 


SN 


E 


SN 


e 


~  Average  or  mean  number  of  visible  photons  per  picture  ex¬ 
posure,  in  a  given  area. 

=  linage  signal  to  noise  ratio. 

-  Detection  signal  to  noise  ratio  as  an  image  is  processed  for 
eye  display. 

=  Electrical  signal  to  noise  ratio  of  a  scanned  image. 

=  Average  photocathode  quantum  efficiency  = 

Output  Photo  electrons 
Input  Visible  photons 
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a  =  Target  mesh  transparency 

=  Average  target  secondary  emission  ratio  for  photocathode 
photo-electrons 

S.  to  S  =  Average  secondary  emission  of  the  nth  stage  of  electron 
n  secondary  emission. 

The  image  signal  to  noise  ratio  of  photons  at  the  image  plane  of  a  lens  is: 


f 

sn 


(1) 


After  a  conversion  to  photoelectrons  and  transmission  through  the  target 

mesh 
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Ns€Q? 

fa  (Nfi  +  Nt) 


(2) 


Nt  are  the  thermal  electrons  emitted  by  the  photocathode;  for  a  S20  with 
10~15  amps/cm2  at  25°C,  in  0.2  seconds  exposure  time  approximately  .1  thermal 
electrons  are  emitted  per  resolution  element,  so  the  thermal  ’’noise"  electrons  will 
be  disregarded.  This  assumption  could  not  be  made  if  an  SI  photocathode  or  ele¬ 
vated  temperature  operation  was  considered  . 

The  Dsn  °f  the  target  charge  pattern  will  now  be  calculated.  It  is  assumed 
that  all  of  the  secondary  electrons  from  the  target  are  collected  by  the  target  mesh. 

<St  -1)  (3)  Nt  positive  target  charge 

N  photocathode  electrons 
pc 

so  the  signal  Is  Ng  e  ct  (St  -1)  (4). 


The  total  variance  of  the  background  charge  is  calculated  using  the  results 
of  exercise  3,  page  74,  Probability  and  Statistics  by  Arley  and  Bach.  W  This  ex¬ 
ercise  shows  the  relation  of  mean  and  sigma  for  a  primary  electron  stream,  a  sec¬ 
ondary  emission  surface,  and  a  secondary  electron  stream: 


PRIMARY 

ELECTRONS 


» 


SECONDARY 
t  MIRONS 


Mean  ZQ 


Mean  y^ 


SECONDARY 

ELECTRONS 

(5) 

Mean  Zj 


Sigma  a  Z0 


Sigma  0^ 


Sigma  aZj 


A6-Vl 


az02  (yA) 2  +  ayx2  (7q) 


(6)  Arley  &  Bach,  Probability  and  Statistics 
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Now  assuming  that  both  the  primary  electron  stream  and  the  secondary 
emission  have  Poisson  Distributions: 


ZQ  =  Njj*  ®  :  ^o2  =  Poisson) 

(6) 

yj  =  St  :  oyj2  =  St  (If  Poisson) 

Ot2  -  CZj2  =  N fiea  St2  +  St  (NBf«)  (7) 

Ng  c  a  (St~l)  _  Ns  (Sfc  -1) 

W  V  Va  <St  *  St>  Vst2  +  st 


(Target  Charge) 

It  is  now  necessary  to  calculate  the  readout  beam  detection  ratio.  The  read' 
out  beam  scans  the  gun  side  of  the  target  and  leaves  "negative  charge"  electrons  in 
areas  where  the  image  light  intensity  has  built  up  a  positive  charge  since  the  last 
sweep  or  scan.  The  part  of  the  scanning  beam  which  doesn't  land  on  the  target  and 
cancel  positive  image  charge  is  called  the  return  beam.  The  return  beam  is  directed 
back  to  the  scanning  gun,  where  it  strikes  the  first  anode  in  a  series  of  secondary 
emission  electron  multipliers.  The  output  current  from  the  last  electron  multiplier 
is  the  signal  current  of  the  image  orthicon.  When  there  are  target  areas  of  no  net 
positive  charge  the  output  current  Is  maximum.  When  the  area  being  scanned  has 
the  maximum  target  charge  due  to  image  light  intensity,  there  is  a  maximum  signal 
With  a  minimum  output  current. 

The  depth  of  beam  modulation  (the  percentage  of  the  scanning  beam  that 
can  be  used  to  discharge  the  target)  is  somewhat  dependent  on  the  charge  spre*. A  of 
the  signal .  If  the  beam  current  la  increased  there  is  leas  modulation  of  the  1  jam, 
less  spread  of  the  target  signal  point  charge,  and  more  beam  noise. 

There  is  some  question  about  the  amplitude  of  beam  noise.  If  the  amplitude 
of  beam  current  can  be  controlled  by  a  control  grid  voltage  there  has  to  be  some 
space  charge  between  control  grid  and  cathode .  Therefore  the  beam  current  re¬ 
leased  by  the  control  grid  is  not  as  random  as  a  temperature  limited  emission  elec¬ 
tron  beam,  and  does  not  have  the  Poisson  Distribution  associated  with  temperature 
limited  emission.  But  the  beam  goes  through  a  limiting  aperture  of  1 .5  mil  diameter 
(0.0015  inch)  which  might  make  thn  beam  more  random  and  give  it  a  Poisson  Distri¬ 
bution  . 


This  analysis  assumes  there  is  some  space  charge  limit  of  scanning  beam 

elgma: 

O2  Beam  =  T2  a2  Poisson  :  (r“_<  1)  (9) 

2 

The  total  scanning  beam  electrons  in  the  signal  area  of  X  resolution  ele¬ 
ments  would  have  to  be  at  least  equal  to  the  signal  plus  background  target  charge 
(Ns  ♦  x2Nb)  e  a  (St  -1)  in  the  X2  resolution  element  area.  How  many  more  beam 
electrons  are  required  is  dependent  on  the  beam  modulation  assumed: 

Beam  Modulation  -  (10) 
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(11) 


7)  Beam  =  <NS  4  X2Nfi)  e  a  (Sf  -1)K 


t 


02Beam  -  (Ng  +  X2Nfi)  <ra  (S(-1)K  T2 


(12) 


The  return  beam  will  be  the  difference  between  the  number  of  scanning 
beam  electrons  and  the  target  positive  charge  (in  electrons) .  The  return  beam  sig¬ 
ma  squared  will  be  the  sum  of  beam  and  target  variances,  however. 


aS1]  "  rc*“r"  -  1  •*>»»>  -  n  targe.  -  Ng.  a  (S,  -1) 


Back, 

Area 


a] 


BackgroundJ  Jt  retum  .  f  ^  +  f 

target 


(13) 

(14) 


Ng  e  a  (St  -  l) 


SN  =  - . . . - .  1  - 

(Return  Beam)  ^  +  X2N£)  e  a  (St  -  1)  K  T2  +  X2Nfi  e  a  ( S  *  + 


(15) 


The  equation  for  the  return  beam  detection  signal  to  noise  ratio  is  no  longer 

in  the  form  Ng/\/x2NB  that  can  be  related  to  the  original  image  Ig^.  This  is  nearly 
the  final  image  orthicon  Dgjr,  if  a  noiseless  electron  multiplication  is  assumed. 

Without  shouting  the  details,  and  using  the  previous  secondary  emission 
analysis  of  Arley  and  Bach  ths  output  detection  signal  to  noise  ratio  is: 

n  _  NsV«*  <VX) 

L>SN  “  UJZ— ■  ■  -  ■ - 1-1  —  r  *  ■■ 

output  S  -  1>MT*  -  4->  +  x^iB{ -  D  +  JL3  *  ^ 

*  8j 

(16) 

Inserting  typical  values  for  an  S20  magnesium  oxide  target  im*fi  orthioon: 


e  «  .25 
rt  =  .75 
st  =11 

K  =  1.5 

r2=  0.8 

Sj  =  3 


(a)  184  names.  for  an  820 
Lumen 


(b)  5000°K  Black  Body 

(c)  0. 85  x  iq6  photons 

cm2  second 
a  (o)  magnitude  star 


for 


(IT) 


For  image  detection  is  required  to  be  5  or  greater: 


nsd2  -  22  5  nsd  - 195  *2  nb  ■  0 


(18) 
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(19) 


22.5 

29 

56.8 

151 

453 


TABLE  1 

X2Nb 

0 


Hot  in  Figure  11-23 


10 

100 

10GO 


To  compare  the  analysis  with  experimental  data,  calculations  were  made 
using  four  different  focal  length  lenses,  with  a  1029  line  TV  system  The  image 
spread  area  was  assumed  to  be  2  TV  lines,  so  x2  was  4.  The  eye-monitor  viewing 
integration  time  of  0.2  seconds  was  assumed,  and  was  used  for  the  exposure  or 
picture  time .  A  square  raster  with  a  1 . 25  inch  square  imare  on  the  photocathode 
was  assumed.  The  plot  of  analysi-  with  measured  performance  is  shown  in  Figure 
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ANALYSIS  VS  MEASUREMENT 


Constant 

Case  1 
RCAS 
200”  F  L 
15"D  38cm 

Case  II 

TT  Hobson 
40”  F  L 
5"D  12.7cm 

Case  III 

Astro  Berling 
6"  F  L 
3.3’D  8.3cm 

Case  IV 

Super  Feran 

3"  F  L 

3.45"D  8.75cm 

0-square  field 

0.363° 

1.82° 

12° 

24° 

Arc  Sec2  Skv 

Res  Elem 

1.7 

42.8 

1870 

7480 

nb 

2 

Cm  Res  El  Sec 

1.7  X  .21 
100 

42.8  x  .21 
100 

1870  x  .21 

100 

7480 x  .21 

100 

A  Lens  (  cm2) 
Includes  losses 

775 

78.6 

35.3 

35.8 

nb 

Res  El  <01SM> 

.276 

.705 

13.8 

56.2 

x2nb 

(0.2  sec) 

2.2 

5.64 

110 

450 

nsd  ^sn  =  5) 

35 

45 

160 

325 

nsd 

2 

cm  sec 

.225 

2.86 

22. 5 

45.4 

N 

— 2_ 
nsd 

3.77X1#* 

2.97  x  Iff 

3  77  x  ie4 

1.67  x  104 

msd 

Analysis 

18-4  fc. 

13.7 

11.4 

10.7 

M® 

Measured 

•  3s| 

1»  .jfc 

*  Iftt, 

11 

If 

9.5 

NTV  Active  -  1000 

Lens  Transmission  =  60%  to  80% 
No  =  .  85x  106  photons/cm2  sec 
Background  21.5th  Mag/sec2  arc 

Eye  Integration  Tima  0.2  sec 
Photocatfcode  Scanned  Area  1.25"  x  1 . 25" 
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ANA  LYSIS  VS  MEASUREMENT 


1 .26"  X  57.3  x  3600  2 

Lens  (TVL)  active 

Focal 
Length 
(inches) 

f|l  jr  O 

'  '  Lens  Area  =  ^  (D  inches  x  2. 54)  x  T  lens 

For  the  refractive  lenses,  a  transmission  T  of  60%  was  assumed. 
For  the  refractive  lens,  a  transmission  T  of  80%  was  assumed. 


<n 


Arc  Sec 


Insolutfca  ifiSSiT 


(3) 


o 

X  N„  was  calculated  for  0 . 2  second  integration  time  assuming  any  detectable 
spread  2  lines  high  and  wide . 


(4) 


2 

NSD  was  ca^cu^ate^  from  the  graph  of  vx  X  assuming  0.2  seconds 
image  time. 


(3) 


Mg_.  considers  the  N0  flux  density  of  zero  mag  point  object  after  atmospheric 
attenuation . 


Some  of  the  measured  data  agrees  with  the  results  of  the  analysis .  In  all 
cases  the  analysis  predicts  better  performance  than  the  measured  performance. 
Some  of  the  increased  performance  predicted  by  analysis  might  be  due  to  the  as¬ 
sumption  of  a  21.5  magnitude  star  per  square  arc  second  of  sky  background,  which 
would  rarely  be  found  in  the  Sy  racuse -Schenectady  area  where  most  of  the  per¬ 
formance  results  were  measured . 

One  result  of  the  analysis  is  the  dependence  of  the  required  star  photons 
for  detection  on  the  mnaber  of  background  photons .  This  means  the  detection  star 
magnitude  is  a  function  of  lens  focal  length  as  well  as  the  lens  collection  area . 

The  analysis  assumes  linear  beam  landing  characteristics,  or  equal  in¬ 
crements  of  target  current  for  equal  increments  of  target  charge.  This  condition 
Is  equivalent  to  assuming  a  monochromatic  scanning  beam  in  terms  of  thermal  velo¬ 
cities.  John  Spalding  has  reported  a  longer  time  constant  for  faint  stars:  when 
viewing  a  new  star  field  it  is  noticeable  that  faint  stars  take  seconds  of  integration 
before  they  become  detectable.  So,  the  detectability  of  faint  stars  is  improved  with 
continuous  operation,  using  the  eye  integration  time  of  0. 2  seconds  compared  to  a 
monitor  photo  of  a  single  scan  of  the  charge  pattern  on  the  target  after  a  photo¬ 
cathode  integration  of  the  same  0.2  seconds.  The  better  continuous  performance 
is  a  function  of  the  beam  landing  characteristics.  A  discussion  of  the  velocity 
distribution  of  an  image  orthioon  scanning  beam  was  given  by  Hans  Heil  of  the 
Electronics  Lab. ,  Syracuse,  at  aa  Image  latensifier  Symposium  October  6-7,  1958, 
Fort  Bdvolr,  Virginia. 
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Figure  D-21  shows  the  calculated  performance  using  four  different  focal 
length  lenses.  The  major  questions  that  result  from  the  analysis  are: 

1 .  Is  the  scanning  beam  an  emission  limited  with  a  Poisson  distribution, 
or  does  it  have  an  equivalent  s">ace  charge? 

S.  Because  of  the  beam  landing  characteristics  of  a  non-monochromatic 
scanning  beam,  what  is  the  actual  time  of  photocathode  integration  for 
a  single  image  to  give  the  same  detection  ability  as  continuous  opera¬ 
tion,  when  scaling  lens  diameters  and  focal  lengths? 


The  conclusions  to  be  drawn  from  the  analysis  are: 


dsn  =  K  y[€  a 


8.  The  secondary  emission  ratios  and  should  be  large  to  maximize 
Dsn.  but  typical  values  of  present  I.  O.  Tubes  are  not  the  performance 
limiting  variables . 

3.  Most  of  the  I.O.  performance  loss  is  due  to  a  quantum  efficiency  less 
than  one,  and  the  noise  added  by  the  scanning  beam  and  preamplifier. 


4.  The  analytical  results  show  that  the  star  magnitude  that  can  be  de¬ 
tected  is  a  function  of  lens  diameter,  lens  focal  length,  exposure  time, 
and  number  of  active  TV  scan  lines,  for  a  given  image  orthicon. 

9.  It  appears  the  preamplifier  noise  is  more  important  when  using  a  long 
focal  length  lens,  with  the  smaller  required  beam  current  due  to  a 
smaller  field  of  view.  The  difference  between  analysis  and  measured 
performance  is  greatest  for  the  longest  focal  length  lens,  with  the 
largest  f/ratio . 


The  final  detection  equation  (16)  has  two  regions  of  interest.  When 
long  focal  length  lenses  with  large  f/ratios  are  used,  the  background 
can  be  neglected  and  the  required  NgD  photons  for  detection  is  a  con¬ 
stant.  In  this  region  (defined  as  T)  a  doubling  of  lens  diameter  will 
result  in  1. 5  magnitude  Increase  in  detection;  doubling  the  integration 
time  will  result  in  a  0. 75  magnitude  increase  in  detection.  If  a  small 
t/ ratio  larger  diameter  lens  is  used,  the  background  is  larger,  and  the 
required  Ngp  phott*ha  for  detection  is  proportional  to  the  square  root 
of  the  background  photons.  In  this  (region  II),  a  doubling  of  lens  diam¬ 
eter  will  result  in  a  0.  75  magnitude  increase  in  detection,  and  doubling 
the  Integration  time  will  result  In  a  0. 375  magnitude  increase  in  detec¬ 
tion.  As  ths  f/ratio  approaches  1,  the  theoretical  detection  magnitude 
approaches  the  measured  performance,  because  the  preamp  noise  is 
no  longer  large  in  respect  to  the  beam  noise. 

If  the  photons  per  cm2  second  from  a  0  magnitude  (visual)  star  are 
counted  after  passing  through  at  "normalized"  visual  passband,  the 
photons  co'inted  are  much  smaller  than  the  photons  that  could  be 
oounted  after  passing  through  the  much  broader  "normalized"  passband 
of  an  S20  photocathode.  A  rough  analysis  of  a  5000°K  black  body  radia¬ 
tion  gives  0.25  x  106  photo -electrons  per  cm2  3econd  for  a  (0)  magni¬ 
tude  star  that  contains  1  *  106  "visual  passband"  photons  per  cm2  sec¬ 
ond.  And  this  value  is  used  in  the  analysis  of  star  detection,  when  the 
pbotons  Der  cm2  second  outside  the  atmosphere  are  assumed  to  be 
1.0  x  10*  for  a  0  magnitude  point  eource. 
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3)  Star  Detection  Signal  to  Noise  Compared  to  Electrical  Signal  to  Noise 

There  is  a  difference  between  the  eye  signal-to-noise  ratio  (DSN)  defined 
earlier  in  terms  of  photoelectrons  or  monitor  photons,  and  the  electrical  signal- 
to-noise  ratio  of  the  scanned  signal  used  to  produce  the  visual  image. 

For  a  single  line  "electronic  look"  at  an  image,  the  peak  signal  is  propor¬ 
tional  to  the  flux  per  resolution  element  (ns/X2),  assuming  the  signal  is  spread 
over  X ^  resolution  elements,  with  an  arbitrary  resolution  element  width  equal  to 
the  TV  scanning  line  width.  The  peak  signal  voltage,  as  previously  stated,  is  pro¬ 
portional  to  the  average  number  of  signal  electrons  per  resolution  element  per 
scan,  and  the  rms  noise  voltage  of  the  background  is  proportional  (with  the  same 
proportionality  constant  as  the  signal  voltage)  to  the  square  root  of  the  number  of 
background  electrons  per  resolution  element  per  scan. 

n  Signal  electrons/resolution  element 

o 

n„  Background  electrons/resolution  element 

XD 

P  _  peak  signal 

"SN  rms  noise 


py  adding  x  lines  electrically  (by  circulation  or  delay  line)  the  electrical 
signal  would  increase  by  x  and  the  electrical  noise  (Poisson)  would  increase  by  the 
/x.  The  E§n  after  x  lines  have  been  added,  would  be 


KSN  l‘nes  added) 


X2  yfx 


(10) 


This  improvement  in  EsN  would  vary  with  the  line  scan  number,  and  the 
full  improvement  would  only  appear  on  the  last  line  scan  used  to  write  the  image. 
(This  scheme  would  not  work  with  an  interlaced  scan.)  Therefore,  the  best  Esn 
would  be  displaced  from  the  center  of  the  spread  point  object  to  the  last  scan  line 
of  the  object. 


Now,  if  a  sampling  technique  could  be  used  to  add  up  the  amplitudes  of  X 
resolution  elements,  the  Esn  would  again  be  improved  by  VX: 


11) 


This  improvement  would  also  result  in  the  best  detection  at  the  final  element  posi¬ 
tion  of  the  3can  line;  thus,  if  successive  scan  lines  moved  from  top  to  bottom,  and 
each  scan  line  moved  from  left  to  right,  the  best  Esn  would  occur  at  the  time  cor¬ 
responding  to  the  lower  right  hand  element  of  the  spread  point  object. 
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SN 


X  lines  added 
X  elements  added 
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The  sampling  technique  of  adding  elements  sounds  complicated,  but  is 
easy  to  achieve  by  decreasing  the  bandwidth  by  a  factor  of  X,  which  would  not 
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change  the  peak  amplitude  of  the  signal  (at  the  time  corresponding  to  the  last  reso¬ 
lution  element),  but  would  decrease  the  rms  noise  by  a  factor  of  v  X. 

The  final  detection  Dsx  is  a  function  of  the  total  signal  electrons  and  total 
background  electrons: 


Now,  if  there  Ks  scans  during  the  eye  integration  time  t  (eye): 


(12) 


Therefore,  if  it  were  possible  to  add  electronically  the  K  scans  that  occur 
during  the  eye  integration  period,  the  electrical  ESN  c  aid  be  made  equal  to  the  de¬ 
tection  Dsn-  This  K  scan  addition  can  be  approximated  by  using  a  photocathode  in¬ 
tegration  period  of  t(eye)  before  the  target  charge  pattern  is  scanned.  Thus,  elec¬ 
tronic  processing  can  achieve  an  Egj^  nearly  equal  to  the  eye  view  Dg^r. 

If  an  image  has  a  2  line  spread,  and  the  eye  is  integrating  6  TV  scans,  the 
ratio  between  the  visual  signal-to-noise  ratio  and  the  electrical  signal-to-noisc 
ratio  would  be  2^6.  or  4. 9  to  1 .  Therefore,  a  point  object  barely  detectable  visual¬ 
ly,  with  a  ngT/\/nBT  X2  of  5,  would  have  an  electrical  peak  signal  to  rms  noise 
ratio  of  one  (approximately).  As  shown  by  Figure  11-24,  an  Es^  of  1 .0  is  difficult 
to  detect . 


POINT  IMAGE  SPREAD  X*2 

EYE  INTEGRATION  K>$  SCANS 


Figure  11-24.  Plot  of  Dgj^  vs  Eg^-  When  •  Point  Object  is  Just  Detectable 


11-62 


If  it  is  assumed  that  the  image  is  not  spread  more  than  two  image  lines 
for  a  5  times  greater  than  the  just  detectable  star  intensity,  then  this  5  times  in¬ 
tensity  increase  (a  star  magnitude  decrease  of  1 .75)  would  give  the  just- 
electronically  detectable  star  magnitude.  Or  the  electronic  detection  would  be  1.75 
star  magnitudes  less  than  the  continuous  0.2  second  monitor  eye  detection.  But,  if 
the  image  line  spread  increases  from  2  hues  to  3  lines  for  a  point  source  intensity 
5  to  10  times  the  eye  detectable  minimum  intensity,  it  would  take  7 .5  times  the 
minimum  eye  detectable  intensity  to  give  the  same  electronic  detectability.  Or, 
with  a  3  line  spread  with  increased  intensity,  the  electronic  detection  would  be  2.2 
star  magnitudes  less  than  the  continuous  0.2  second  monitor  detection.  This  as¬ 
sumes  1/30  seeord  per  complete  scan,  or  6  TV  pictures  in  every  eye  integration 
period . 

4)  Spread  Object  Detection 

a .  Detection  Theory  of  Picket  Fence  Spread  Objects 

The  differences  between  a  point  source  with  a  random  orientation  in 
an  image  scene,  and  the  repetitive  pattern  "picket  fence"  of  TV  resolution  charts, 
are  many.  For  one  thing,  the  detection  criteria  of  theory  is  difficult  to  relate  to 
actual  images.  And  the  tube  has  to  be  operated  with  more  beam  current  to  limit 
image  spreading,  since  an  image  spread  will  gi\e  an  information  loss. 

When  viewing  the  TV  image,  the  viewing  distance  is  varied  so  that 
the  area  of  interest  is  approximately  5  arc  minutes  by  5  arc  minutes  of  angular 
viewing  area.  This  is  the  most  effective  area  for  integration  and  detection,  as 
reported  by  Mertz(7)  in  1950.  Mertz  also  discussed  the  bandwidth  of  measured 
noise  as  a  function  of  noise  perception.  He  concluded  that  with  a  flat  noise  spec¬ 
trum  the  "spectrum  level"  (rrns  noise  voltage  per  unit  bandwid,' )  necessary  to 
just  perceive  noise  is  independent  of  the  noise  bandwidth  used  to  display  the  noise. 

If  the  probability  of  detecting  noise  is  equivalent  to  the  signal  masking  effectiveness 
of  the  noise,  th~n  the  noise  rrns  voltage  (proportional  to  the  square  root  of  the 
bandwidth  used  to  measure  the  noise)  is  not  an  effective  measure  of  detection  proba¬ 
bility.  The  important  variable  with  flat  spectrum  noise  is  spectrum  level,  or  rrns 
noise  voltage  divided  by  the  square  root  of  the  measurement  bandwidth  . 

To  review  this  conclusion,  when  viewing  a  medium  spacial  frequency 
(line  pairs  per  inch)  picket  fence  pattern,  only  the  noise  in  the  same  spacial  fre¬ 
quency  region  is  effective  in  masking  the  signal;  you  can  look  at  the  pattern  at  the 
appropriate  viewing  distance  and  disregard  or  omit  the  low  and  high  spacial  fre¬ 
quency  noise.  And  for  any  given  TV  scan  system  there  is  a  definite  relation  be¬ 
tween  spacial  and  time  frequencies.  Thus,  for  flat  spectrum  noi«e,  the  important 
variable  ia  "spectrum  level"  or  noise  rrns  voltage  or  current  per  unit  bandwidth. 
The  viewing  eye  is  then  considered  a  "bandpass"  device. 

There  are  two  extremes  of  operating  conditions:  where  noise  is  inde¬ 
pendent  of  the  image  intensity  which  might  be  approached  by  high  illumination  'ren¬ 
ditions;  and  where  the  system  has  been  designed  and  adjusted  for  beat  performance 
so  part  of  the  noise  is  photon  noise.  This  analysis  considers  the  limiting  condition 
of  detection  due  to  image  photon  signal  and  noise,  with  an  image  loss  due  to  ihe 
quantum  efficiency  only.  The  video  r  'iplifier  noise  is  not  considered  in  finding  the 
maximum  performance  limit  set  by  tl>«.  image  orthlcon  photocathode. 

f^Mertz,  P.,  "Perception  of  Televiaion  Random  Noise",  Journal  Society  Motion 
Picture  and  TV  Engineers.  Vol.  54,  pp.  8-32;  January  1950. 
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b.  Calculation  of  TV  Line  Resolution  Sensitivity 

This  analysis  calculates  the  detection  Dgj^  of  one  square  black  bar  in 
a  grey  or  white  background,  then  multiplies  this  Dsn  by  a  factor  of  2  to  convert 
'using  Coltman's  measurements.  Figure  II-25)(®)  from  one  line  pair  to  4  line  pairs. 
It  is  assumed,  with  a  standard  wedge  type  TV  resolution  chart,  that  there  is  no  dif¬ 
ference  between  one  TV  line  and  one  TV  line  pair  (since  there  is  no  signal  more 
white  than  the  background) .  And  it  is  assumed  the  standard  wedge  resolution  of  4 
black  lines  and  4  white  spaces  equivalent  to  4  line  pairs . 


T/  UN£  Of 


F%ure  11-25.  Required  for  Detection  Function  of  Line  Pairs 
Viewed  Using  Square  Mask  on  Monitor 

It  X  is  the  number  of  resolution  element  widths  squivalent  to  the  sig¬ 
nal  width: 


TVL  active 

N  signal 


(HI) 


(8)Coltr,ian  anu  Anderson.  Raise  limitftSlojie  to  ResoJtftif  RoWtr  In  Electronic 

Imaging  "  IRE,  Vol .  4S,  til:  IMO. 


if-A-» 


If  the  signal  contrast  is  defined  as  the  ratio  of  signal  intensity  to 
kground  intensity  (  a  background  reflectance  greater  than  any  signal  reflectance) 
t  signal  areas  always  having  less  intensity  than  the  background  intensity: 


C  ---  Signal  Contrast  - 


n  /A  Iic  .  -  Rc. 
b  Back  Sic 


'Back 


emax  emm 
e  max 


nS/ A  Signal  photo  electrons  per  unit  area  (one  resolution  element) 

nB  A  Background  photo  electrons  per  unit  area  (one  resolution  element) 

Rg  Background  reflectance 

Rg  Signal  reflectance 

With  this  analysis  there  is  no  possibility  o?  a  contrast  g?  eater  than  one. 


nS  C  ’  nB  :  nB 


ihoto  electrons 


resolution  element 


n„  .  X 


=  c/nfi  X 


So  here  the  resolution  element  is  one  active  scan  line  wide,  and  one 
jve  scan  line  high. 

And  if  the  background  density  is  calculated  for  the  number  of  TV  scan 
s,  then  the  lines  that  are  finally  resolved  will  be  in  terms  of  image  height. 

active  Xj  active 


°SN  '  N 


X  =  I-3  ^ 

^4  TV 


2  .  C 


TVL 
N  signal 


If  Dsn  -  S.  N  signal  becomes  the  number  of  lines  per  picture  height 
can  be  resolved  if  the  signal  has  only  one  TV  line: 


^resolved  =  5f  4  nPT  C 
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Adding  the  factox'  of  2.0  to  include  the  increase  of  detection  due  to 

4  line  pairs: 


‘''resolved 


resolved 

Equation  (38)  gives  the  resolution  in  terms  of  total  raster  area  photo¬ 
electrons  from  the  photocathode  that  would  be  required  per  picture  to  give  the  reso¬ 
lution  lines  ^resolved-  This  number  of  photoelectrons  is  gathered  in  the  total  eye 
or  monitor  photograph  integration  time,  and  would  be  the  amount  collected  from  a 
flat  field  of  average  transmission  or  reflectance  not  considering  any  signal  areas. 
So,  to  convert  from  photoelectrons  to  incident  photocathode  photons: 

Resolved  =  °'346VNP T  '  £'  '  C  <30> 

From  the  results  of  numerical  analysis  using  2800°K. black  body  radia¬ 
tion  with  a  S20  response,  the  resultant  sensitivity  is  approximately  150  micro¬ 
amperes  per  lumen.  This  is  equivalent  to  approximately  9.4  to  10+14  photo-electrons 
per  lumen  second.  It  is  easier  to  evaluate  the  photoelectrons  per  lumen  second, 
than  to  choose  a  rather  arbitrary  photon  total,  with  its  associated  average  quantum 
efficiency.  This  value  of  photeelectrons  per  lumen  second  has  to  be  multiplied  by 
the  target-mesh  transmission  of  70%. 


2  [3 

5  4  n 


PT  .  C 


=  0.3 


'Idyjn 


PT 


.  C 


(37) 


(38) 


Photoelectrons 
Lumen  Second 


9.4  x  1014  x  a 


=  6.6  x  1014  (S20) 


(40) 


Solving  for  total  photocathode  photons  per  picture,  with  a  1 .8  inch 
diagonal  and  0.2  seconds  to  include  the  eye  integration  time: 


n PT  *  FCpXC.6xlOUx  (if)  (±f-)  '  X  0.2 

nD„,  *  1.4  x  1012  FC 
P I  p 


(41) 


This  analysis  assumes  no  noise  from  the  target  secondary  emission, 
beam,  electron  multiplier,  or  preamplifier.  (With  high  beam  currents  the  preamp 
noise  can  be  neglected). 


And  finally,  for  white  light  and  S20  photocathode 
Resolved  *  0.34CXCxVl.4xl012FCp 


(42) 
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Now  to  solve  for  the  required  FC  (footcandles)  photocathode  illumination 
to  give  100  TV  lines  resolution  (vertical)  with  100%  contrast,  4  line  pairs,  white 
light  and  a  S20  photocathode: 

1002  =  (.346)2  X  1,4  X  1012  FCp  :  FCp  =  4.9X10-8 

The  following  table  shows  the  footcandles  of  illumination  required 
(from  analysis  and  from  measurement)  to  give  various  TV  line  resolution  capabili¬ 
ties.  A  calculation  ia  also  made  of  the  photons  required  per  line  resolved  resolu¬ 
tion  element. 


TABLE  2 

S20  RESOLUTION  SENSITIVITY 


Footcandles  at  Fhotocathode  Photons/Resolved  Res  Elem 


resolved 

Analysis 

Measured 

Analysis 

Measured 

100 

4. 9  x  10'8 

1.2  x  io"7 

102 

252 

200 

2.0 x  10'7 

4  x  io"7 

102 

210 

300 

\4x  io~7 

9. 5 x  I0“7 

102 

222 

400 

7. 9  x  IO*7 

1,0.x  10*6 

102 

250 

500 

1.2 x  10~6 

4.0 x  IO*6 

102 

336 

600 

1.8 X  10’6 

8.0  x  10"8 

102 

466 

The  measured  and  analysis  data  for  resolution  sensitivity  are  plotted 
in  Figure  n-26.  The  analysis  results  are  better  than  the  measurement  results. 

Coltman,  in  his  1960  IRE  Article  (reference  8),  gives  a  requirement 
of  2.6  x  io5  photoelectrons  per  second  for  a  theoretical  resolution  limit  of  100  line 
pairs  per  picture .  It  is  assumed  that  this  resolution  is  equivalent  tc  200  TV  lines 
per  picture  width,  with  the  minimum  electrical  Egg  required  for  detection  of  8  line 
pairs  or  more .  To  aoavart  ptaotoaUetrsaa  par  seoond  to  number  of  footcandles: 
from  tto  pNviou  analysis 


picture 


1.3*  10lflx  F.C.  x  0.08  x  jjr  (^jrp)2  0.2 


seconds 

picture 


Coltman 


FC  =  ~-52  -  ■■  ■.,  *  3.7  x  io”8  foot  candles 
1.4  x  io“ 
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^resolved  =  200  TV  llnes  <wldth>  =  150  TV  lines  (height) 
This  value  for  Coltman  is  plotted  in  Figure  0-25. 


PlgUM  11-28.  Line  Re  solution  Sensitivity  for  S20  Standard  Scan 

Eye  View  MgO  Target 


A  check  with  Coltman's  Figure  11-25  shows  an  E§n  improvement 
from  .25  for  4  line  pairs  (our  analysis)  to  .13  for  9  line  pairs  (Coltman  analysis). 
This  would  be  equivalent  to  an  illumination  improvement  of  (2.5/1.3)2,  or  would 
mean  that  (2.5/1.3)2  x  3.7  x  10*8  foot  candles  would  be  required  for  a  4  line  pair 
pattern,  using  Coltmans  analysis .  It  appears  the  analysis  of  this  report  agrees 
with  Coltman  at  the  150  TV  line  per  picture  height  point. 

At  lower  line  resolutions  Coltman's  more  complete  analysis  considers 
the  detection  loss  due  to  additional  noise  background  of  thermal  photoeloctrons  and 
amplifier  noise,  plus  the  detection  loss  due  to  finite  screen  size,  and  the  associated 
loss  due  to  less  than  9  or  10  line  pairs  on  the  TV  monitor. 

At  a  higher  number  of  lines  resolved,  Coltman  considers  the  Hection 
loss  due  to  the  special  frequency  loss  in  contrast  of  the  image  orthicon.  The  con¬ 
trast  loss  at  higher  spacial  frequencies  is  equivalent  to  a  decrease  of  beam  modula¬ 
tion  at  higher  spacial  frequencies . 

The  changes  in  curve  shape  between  the  report  analysis  and  the  meas¬ 
ured  results  can  also  be  attained  in  terms  of  additional  amplifier  and  thermal 
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noise  at  the  low  number  of  resolved  lines,  and  a  special  frequency  contrast  loss 
for  the  higher  number  of  resolved  lines. 

C.  COMPONENT  OPERATING  THEORY 

This  subsection  will  discuss  details  of  operation,  and  limitations  of  performance 
of  various  specialized  image  components.  Part  II-C-1  will  discuss  scanned  image 
tubes,  concentrating  on  the  thin  film  (MgO  target)  image  orthicon.  Part  II-C-2  will 
discuss  scanned  image  storage  for  temporary  catalog  or  integration  for  improved 
signal-to-noise  ratio  improvement,  concentrating  on  secondary  emission  non¬ 
destructive  readout  storage  tubes. 

1 .  SCANNED  IMAGE  SENSORS 

Imaging  sensors  in  this  discussion  are  limited  to  electronically  scanned  de¬ 
vices  and  direct  view  devices,  thus  excluding  the  mechanically  scanning  thermo¬ 
graph  sensors  and  similar  image  recorders . 

Imaging  sensors  are  available  in  various  sizes,  sensitivities,  resolution,  spec¬ 
tral  response,  time  constants,  etc .  They  range  from  small  vidicons  to  large  image 
orthicons . 

The  principles  used  in  vidicons  and  orthicons  differ  in  that  the  common  vidicon 
measures  the  variation  of  resistance  of  the  sensing  layer  "target"  material  as 
established  by  the  scene  energy;  whereas,  in  the  orthicon,  the  variation  of  elec- 
tical  charge  on  the  sensing  layer  is  measured .  In  the  vidicon  the  sensing  surface 
is  scanned  with  an  electronic  beam,  with  the  resistance  variation  of  the  "target" 
changing  the  beam  current,  for  "target"  modulation.  This  "Target"  modulation 
causes  a  change  in  voltage  across  the  load  resistor  which  is  then  amplified  exter¬ 
nally.  In  the  orthicon  the  electrical  charge  is  imaged  on  the  "target”  or  sensing 
layer  by  photo  electrons  emitted  by  the  photocathode  of  the  image  section.  The 
image  is  focused  electro-statically  and  magnetically  from  the  photocathode  to  the 
"target."  The  electron  beam  as  it  scans  the  "target"  discharges  it,  in  so  doing 
the  amount  of  reflected  or  "return"  beam  charfM  by  the  extent  of  "target"  charge. 
The  modulated  return  beam  is  amplified  by  an  Internal  electron  multiplier  before 
being  applied  to  external  video  amplifiers . 

Vidicons  and  orthiconc  generally  have  external  magnetic  deflection  systems, 
though  electro-static  deflection  is  just  now  coming  into  being.  A  variety  of  sensing 
layer  or  "target"  materials  are  used  depending  on  type.  The  image  orthicon  image 
section  is  available  with  one  of  several  photocathode  surfaces  (8-1,  8-10,  S-20, 
etc  ).  Because  of  its  many  features  (speed,  sensitivity,  resolution,  etc.)  the  GE 
thin  film  low  light  level  MgO  image  orthicons  will  now  be  discus— d  in  detail  to¬ 
gether  with  application  notes . 

a.  The  Thin  Film  MgO  Image  Orthicon 

1 .  General  Operation 

The  image  orthicon  development  has  been  primarily  concerned  with 
broadcast  studio  work,  where  controlled  lighting  is  possible,  to  permit  operation 
with  a  signal  well  above  the  tube  and  circuit  background  noise .  In  color  camera 
work,  the  color  filters  needed  added  severely  to  the  light  requirements;  hence, 
development  was  Initiated  to  produce  a  low  light  level  image  orthicon.  This  GE 
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development  features  a  high  gain,  thin-film  magnesium  oxide  (MgO)  ’’target"  (or 
sensing  layer)  with  a  sensitivity  of  twenty  to  fifty  times  that  of  the  glass  ’’target’’ 
tubes  (such  as  the  5820).  Sensitivity  in  this  ease  is  the  amount  of  photocathode 
illumination  required  for  a  specific  resolution. 

Besides  sensitivity,  this  target  ha?  several  other  specific  advantages.  Its 
extreme  thinness  and  anisotropic  property  virtually  eliminate  sideways  leakage,  thus 
increasing  resolution  capability  over  the  standard  glass  target  of  the  type  5820 
Tubes.  Resolution  upwards  of  2000  lines  per  inch  have  been  easily  obtained. 

The  thin  film  MgO  image  orthieon  may  be  used  to  store  for  long  periods 
before  being  read  off,  which  permits  additional  sensitivity  by  use  of  low  frame  rates 
or  beam  pulsing  with  long  integration  times . 

Another  feature  is  that  it  is  nearly  void  of  any  stickiness  and  burn-in,  since 
operation  depends  on  electron  conduction,  which  is  not  a  depletion  process,  rather 
than  on  ion  conduction  as  in  the  glass  "target"  tubes.  Thus,  the  tubes  can  be  under > 
scanned  for  long  periods  without  permanent  deterioration. 

The  recovery  from  light  saturation  or  blinding  is  nearly  immediate,  with 
no  after  effects;  see  Figure  n-27  where  when  operating  at  maximum  low  light  leve*, 
s  Navy  24"  signal  search  light  was  blinked  directly  at  the  camera  from  3  miles 
distance.  Only  a  1-1/4  inch  diameter  area  of  a  17"  monitor  was  bloomed  and  this 
recovered  within  2  scan  periods  (1/15  sec)  whereas  our  own  (human  eye)  sight  was 
•till  obscured.' 

2 .  Operational  Detail 

The  image  orthieon  basically  is  divided  into  3  sections .  The  image  section 
consists  of  a  photocathode  sensing  surface  which  releases  photoelectrons  when  sub¬ 
jected  to  incoming  photons.  The  photo-electrons  are  electrostatically  and  magneti- 
eally  focused  on  the  "target"  or  sensing  layer  thus  creating  a  charge  pattern  rep¬ 
resentative  of  the  scene  energy  striking  the  photocathode.  See  Figure  n-28. 

The  photo-electron  charge  pattern  is  one  of  maximum  positive  charge  in 
areas  of  greatest  primary  electron  density,  due  to  the  secondary  emission  (approxi¬ 
mately  10  for  electrons  having  a  photocathode  to  target  mesh  velocity  of  500  ev) . 

The  target  mesh  collects  all  of  the  target  secondaries  from  the  photoci  ihode  side, 

rise  the  primary  beam  intensity  from  the  photocathode  is  great  enough  to  raise 
target  surface  positive  In  respect  to  the  target  mesh  potential. 

The  electron  gun  provides  a  controllable  electron  beam  directed  toward  the 
target  which  is  caused  to  scan  the  target  according  to  a  pattern  established  by  the 
electro-magnetic  deflection  coil  system  and  associated  driving  electronics.  The 
beam  current  is  set  to  neutralize  the  charge  pattern  on  the  target  and  in  so  doing 
is  modulated  by  the  extent  of  the  charge  and  the  beam  current  level  used.  The  re¬ 
flected  (and  modulated)  beam  returns  through  the  same  deflection  field,  and  is  am¬ 
plified  by  the  electron  multiplier  (essentially  "noise  free"  gain  so  that  sensitivity  is 
limited  to  the  "shot  noise"  of  the  scanning  beam)  to  a  level  appropriate  for  further 
Mternal  amplification . 

Since  the  beam  noise  may  be  limiting  sensitivity  (with  a  good  preamp)  we 
wish  to  use  the  lowest  value  of  beam  current  commensurate  with  the  scene  illumina¬ 
tion  to  get  the  best  signal-to-nolse  viewing. 
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a.  Starlight  Night.  Horizon  Not 
Visible  to  Dark  Adapted  Eye  with 
7x50  Night  Binoculars  (Subma¬ 
rine  Officer);  24"  Navy  Search¬ 
light  Directed  at  Camera  from 
Distance  of  2  miles;  Note  Min¬ 
imum  Bloom 


B.  One  scan  1/30  sec  After  Ex¬ 
tinguishing  Searchlight 


C.  Two  scans  1/15  sec  After  Three  Scans  1/10  sec  After 

Extinguishing  Searchlight  Extinguishing  Searchlight; 


Chart  Room  Light  on  Tug  Visi¬ 
ble  (Though  All  Lights  Supposed 
to  Be  Extinguished);  Other  Lights 
on  Horizon  Are  Navigation  Aids 

Figure  11-27.  Th_-se  Pictures  Demonstrate  Limited  Blooming  and 
Recovery  Speed  of  GE  Thin  Film  MgO  Image  Orth  icon  When 

Operated  Properly 
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Figure  11-28.  Detail 


■  K  Thin  Film  MgO  Image  Orthicon 


For  highlighted  areas  we  need  more  current,  thus  more  beam  noise,  hence 
the  lower  illuminated  areas  or  intensity  sources  will  be  compromised  when  setting  the 
beam  current  to  prevent  saturation  of  the  higher  intensity  areas.  Techniques  are 
being  investigated  for  beam  control  within  a  scene,  but  until  they  are  developed  we 
must  set  the  beam  current  higher  for  the  overall  desired  results. 

The  target  (sensing  layer)  current  is  the  difference  between  the  beam  cur¬ 
rent  and  the  return  current.  The  signal  current  io  the  target  current  amplified  by 
the  electron  multiplier  and  since  the  target  current  represents  the  charge  established 
on  the  target  by  the  image  section  photo  electrons,  it  is  proportional  to  incoming 
signal  or  pho  ons.  For  each  single  resolution  element  the  beam  landing  current- 
voltage  relationship  applies  when,  and  only  when,  the  beam  is  on  that  element.  The 
radiation  intensity  (incoming  signal)  builds  up  the  single  element  target- cathode 
voltage  while  the  beam  is  not  scanning  the  element  and  it  is  discharged  by  the  be.lm 
when  it  covers  the  element.  The  voltage  after  scan  is  determined  by  the  amount  of 
charge  supplied  by  the  beam  which  is  a  function  of  beam  current. 

The  operation  of  a  scanned  image  tube  is  affected  by  the  beam  landing 
characteristics.  The  beam  landing  characteristics  are  non-linear  and  therefore  the 
transfer  characteristics  are  non-linear  in  the  low  and  high  radiation  regions  com¬ 
parable  to  low  and  high  target  voltage  changes.  The  beam  current  has  to  be  greater 
than  the  target  current  just  necessary  for  discharge,  otherwise  abnormal  image 
spreading  will  occur  because  the  charge  is  not  fully  discharged  and  thus  will  spread 
to  adjacent  elements  until  the  beam  current  supplied  over  the  element  and  nearly 
elements  will  discharge  the  total  charge. 

For  viewing  star  fields  (varying  intensity  point  sources  against  a  back¬ 
ground)  a  compromise  setting  of  beam  current  is  made  between  minimizing  spread¬ 
ing  and  that  needed  for  detection  of  the  lower  intensity  star  images  near  or  at  back¬ 
ground  light  (noise)  level. 

When  viewing  a  scene  (distributed  objects)  etc. ,  the  beam  is  set  to  obtain 
desired  resolution  of  & s  brighter  areas.  Even  in  this  case  some  spreading  may  b- 
allowed  in  order  to  better  view  low  intensity  areas  of  the  scene. 

For  studio  TV  operation  the  beam  current  would  be  increased  until  there 
is  no  apparent  spreading  in  maximum  intensity  areas  and  the  illumination  would  be 
controlled  so  that  no  areas  would  be  detection  limited  by  the  shot  noise  of  the  high 
beam  current  used  in  order  that  no  objectionable  noise  (snow-  or  grainness)  would 
appear  in  the  picture.  Further  details  (the  operating  levels,  characteristics,  and 
techniques  of  signal  modulation,  the  effects  of  varying  point  source  targets  such  as 
stars  versus  distributed  scenes  as  in  studio  wo»’k,  different  conditions  of  scanning 
period,  number  of  lines,  and  comparison  resolution- sensitivity)  are  covered  in  the 
following  technical  notes  on  the  use  of  these  tubes.  Much  of  the  notes  here  treat 
operation  for  other  than  studio  use  which  is  adequately  advisable  in  commercial  TV 
literature. 

3.  Tube  Characteristics 

The  GE  low  light  level  MgO  image  Orf  ’con  tubes  are  available  with  vari¬ 
ous  ohotocathode  surfaces,  target  to  mesh  spacing,  standard  or  militarized  and  rug- 
gedized  versions.  The  following  table  plus  Figure  iJ-29  summarizes  those  presently 
available.  Some  are  standard  available  tubes  while  others  are  still  i  i  (he  special 
purposes  category. 
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Genera!  KV.-tric  oiTc.-h  a  wide  and  diver»iSeJ  line  of  ortis  icons  which  incorporate  -tnifieant  bntk> 

thro-jeh-s  in  the  stale  of  the  a't  .  .  for  unlirr.itari  television  applications  in  fields  of  .  .  .  COMMERCIAL 
BROADCASTING  .  SCIENTIFIC  .  iNOl'STRIAL  .  .  .  MILITARY  .  .  .  such  as  RESOLUTION  im¬ 
proved  as  much  as  50T  .  SENSITIVITY  minn. 50:1  .  .  LIFE  extended  3  to  5  times  . .  .  SUP£R“ROG- 

GED1ZED  to  exceed  GOO  lines  at  100U  cycles.  44'*'*  .  .  .  and  dc  acceleration  of  90f’a. 


SPECIAL  PURPOSE  •  SCIENTIFIC 

•  INDUSTRIAL  * 

MILITARY 

TYPE 

ft*  HIRES 

SPECTRAL  RESPOWE 

|  tRESOL'JTtoa  SE«ernvnY  | 

APPLiaaOhS-USa  PROVEN" 

617538 

magnesium  oxide  target 

10  to  20  times  more  Mnsittv*  than 
5820 

3200-6950  A 
pea*  blue 

5-10 

500®  1.4x10-*  1 
2tK@1.5ilO-»  j 

'low  tight  level  surveiitance  space 
getion 

•electro  octicel  leluscotw  svefems 

— STaST 

same  ts  6L7533 

IllUJ 

super-rjggediied 

urn*  as  CL-7538 

"airborne  lire  control 
"missile  and  satellite-borne  systems 
drone  guidance 
"tan*  (ire  control 

CL-/9fc? 

IaJ 

magnesium  oxide  target 

50  tunes  more  sensitive  than  5820 
due  to  dr.oto  cathode. 

3200-7*00  A 
high  red  sensitivity 

520 

500  ®  4.8  »  i0-« 

200  (§  5.0  i  10-’ 

"extreme  low  light  level  surveillance 
"orthicon  inteniiliei  studies 
"underwattr  observeiion 
‘astronomical  studies 

Cl-7969 

0u 

mign*s»u'n  ("r.id*  tarj^t 

UltTfryOtf!  Ufttitivf 

2500-7000  A 
pea*  .  LTV 

500®  1.4x!0-» 

200  @  15  x  10-* 

•missile  detection 
spectrographic  detectors 
"underwater  observation 
medical  biological  studies 

CL-7629 

tame  it  017538 
plus 

higher  signal  net**  ratio  ilwtt 
1CM  tt-c  illumination  on  phcSo- 
cithoda 

22%  6950  A 

p*>-  blue 

S-10 

Smuiviient  ASA  rating 
32,000-64,000 

"medical  X-Ray  inttnsKiar  studies 
"dosed  circuit  toeing 
"simulated  aircraft  training 
‘stereo  X-Ray  studies 

DEVELOPMENTAL  •  SCIENTIFIC 

•  INDUSTRIAL  • 

MILITARY 

J-S395 

vcJ 

magnasium  oxide  Ur|*t 
infra-red  unutiv* 

3200-10.100  A 
peek  infrared 

SI 

500  ®  7  .6  i  10~* 

700  @  1.0  x  10"* 

"Inlrertd  detection:  puthr*  and  active 
daylight  star  tracking 
"aenaT  mapping 
tnectrogrephic  oetedort 

T7S5T" 

un*  «t  CL  7538 

i  pt-upliei  faceplate 

saw*  ts  G17531 

medical  television 
"libu-ojtics  systems 
photogrsphic  printing 
high  speed  Information  scanning 

T71T5- 

vine  *t  6L  7967 
plU*: 

fibre  optics  factplat* 

tarns  as  61-7147 

"libre-optic:  systems 
"radiation  scintillator  studies 
photographic  printing 
high  speed  Information  Kenning 

— mnr 

unt  *1  CL  7%  7 
plUS: 

field  mash  Matter  fields 

Improved  corner  resolution 

same  *•  61-7*47 

electro-optical  tilascope  systems 
extreme  low  light  level  survtillenc* 
underwater  observation 
orthiron  htensitier  studies 

COMMERCIAL  BROADCAST  •  NETWORK  •  EDUCATIONAL 

C  7629 

hi jh  reliability 

i  3200-6450  A 

aqulvalant  ASA  rating 

remote  bleck/wWtt  ts  low  as  1  ft< 

very  long  lilt 

low  light  level  sansitlvity 

semiconductor  target 

V, 

10 

32,0X1-44,000 

seen*  lllumiMtion 

remote  color— as  low  as  5  (t<  Ktne 
illumination 
long  lift  studio  wrvi<i> 

ILaMI 

seme  ts  CL  7429 

plus: 

field  mesfi  flatter  fielei 
improved  Corner  resolution 

32.000-44,000 

studio  co  or  40  to  lOti  tt-c  illwi.l.sation 
ramota  color 

IciLK" 

,ood  gray  scale  glees  target 
stable  performance 

- wcam — 

(new  tub*} 

studiu  biack/whita  100  ft-c  scena  il¬ 
ium  inailon 
educational  TV 

2c>M3 

uTE55T~ 

se  nt  it  dl$820 
plus. 

field  metn  (Utter  fields 
improved  corn*.-  resolution 

IHOTJ®  ~“ 

(new  tube) 

studio  back/ white 
high  quality  monochrome 
educatwnaf  TV 

senfirBTTTSJ  ™~ 

plus: 

very  high  signet,  noise  retie  tor 
video  tip*  recording  and  color 

7 

- IBfiClISB - 

(new  tube) 

high  quehty  video  Up*  recording 
high  pualttv  color 
tducationu  TV 

>«<i<  !•!  n-tmt  'hi  u  rter  t,i  tirai 

.  T-!*"  *«  •*  u»m  *—  ~*  ft  >.  «UWta>  I*  to  iwSu. 

t»rfT«l«n*  AM  b»m4  mm  ai  W  »nW»  da  -vn*  mm4  Hak«  mi  I /SO  ml 


Fujurc  11-29.  Available  Ix>w  Light  Level  MgO  Image  Orthicon  Tubes 
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Photocathode 

Mesh- Target 

Field 

Old  No. 

Type  No. 

Surface 

Spacing 

Mesh 

Ruggedized 

GL-7629 

S10 

10  mil 

No 

No 

GL-8092 

S10 

10  mil 

Yes 

No 

GL-7821 

S20 

10  mil 

Yes 

No 

Z-5294 

GL-7538 

S10 

80  mil 

No 

No 

Z-5358 

GL-7409 

S10 

80  mil 

No 

Yes 

Z-5396 

GL-7967 

S20 

80  mil 

No 

No 

Z-7806 

S20 

80  mil 

No 

Yes 

Z -5453 

GL-7969 

S10  (UV  face  plate) 

80  mil 

No 

No 

Z-7807 

S10  (UV  face  plate) 

80  mil 

No 

Yes 

G-7814 

S20 

80  mil 

Yes 

No 

Z-7809 

S10  (Fiber  Optic 
Face  Plate) 

80  mil 

No 

No 

Z-7810 

S20  (Fiber  Optic 
Face  plate) 

80  mil 

No 

No 

Z-5395 

SI 

80  mil 

No 

No 

Z-7805 

81 

80  mil 

No 

Yes 

The  S-20  Tubes  are  3  to  4  times  more  sensitive  than  the  S-10  versions.  The  spac¬ 
ing  of  the  target  affects  the  sensitivity  and  the  noise  content  for  a  given  ambient 
light  level.  The  close  spaced  tubes  are  not  as  sensitive  nor  as  "noisy,  "  but  when 
extreme  sensitivity  is  desired  the  wider  spaced  S-20  tubes  are  needed.  In  military, 
low  light  level  (night)  applications  the  wider  spaced  tubes  are  almost  always  used 
whereas  for  daytime  operation  the  closer  spaced  S-10  versions  should  be  used. 

The  spectral  response  of  the  photocathode  surfaces  normally  available  are 
shown  in  Figure  H-30,  For  other  photocathode  surfaces  refer  to  figure  11-31 .  For 
those  applications  involving  response  in  the  ultra-violet  (UV),  tubes  with  specie) 

UV  face  plates  should  be  used  since  it  is  the  glass  face  plate  that  cuts  off  the  UV 
response  of  most  of  the  suitable  photocathode  surface  materials. 

The  increased  sensitivity  of  the  S20  photocathode  compared  to  the  S10 
photocathode  is  shown  by  the  photocathode  spectral  response  curves.  The  ratio  of 
3  to  4  times  sensitivity  lor  the  S20  assumes  a  wide  spectral  input  from  2800°K  to 
5000°K  black  body;  in  some  narrow  spectral  bands  the  S20  response  is  onlv  2.5 
times  the  S10  response,  but  the  S2Q  response  is  wider.  One  problem  of  the  S20  is 
the  non-uniformity  of  the  photocathode  quantum  efficiency.  TTie  S20  is  much  less 
uniform  in  quantum  efficiency,  or  sensitivity,  across  its  surface  than  the  S10 

The  GL-7967  is  the  most  widely  used  of  the  special  tubes;  it  is  a  wide 
spaced  S-20  tube  and  therefore  moat  sensitive  for  night  use.  For  daytime  use  the 
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Figure  11-31.  Photocathocle  Responses 
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GL-7629a  is  highly  recommended;  it  is  an  S- 10  close  spaced  commercial  broadcast 
MgO  tube.  It  has  excellent  uniformity  with  minimum  noise  in  addition  to  the  other 
advantages  of  MgO  tubes. 


4.  Ruggedizei  Image  Orthicon 

Complete  printed  specifications  are  not  available  at  this  time;  however, 
each  tube  is  identical  to  the  non- rugged ized  tube  listed  below,  except  that  it  has 
been  designed  to  meet  the  following  ruggedization  specifications. 


Ruggedized  Tube  Equivalent  Photocathode 

Non-Ruggedized  Tube 


G-E 

Development 

Number 

E1A 

Type 

Number 

G-E 

Development 

Number 

E1A 

Type 

Number 

ZL-7805 

- 

Z-5395 

- 

S-l 

ZL-7806 

- 

Z-5396 

GL-7967 

S-20 

ZL-7807 

- 

Z-5453 

GL-7969 

UV 

ZL-5358 

GL-7409 

Z-5294 

GL-7538 

S-10 

Shock  -  lOOG's 

Pter  specification  MIL-E-5272C  (ASG)  Paragraph  4.15.5  with  the  following 
differences: 

a)  12  impact  shocks  of  30  G. 

b)  The  shock  shall  be  applied  in  the  following  directions: 

1)  Vertically  perpendicular  to  longitudinal  axis,  3  shocks  in  each 
direction. 

2)  Parallel  to  the  minor  horizontal  axis,  3  shocks  in  each  direction. 

o)  The  shock  pulse  width  Is  define'*  by  the  use  of  a  0.2  to  250-cycle-per- 
second  filter. 

Vibration  -  10  G's 


Under  the  conditions  specified  in  MIL-E-5272C  (ASG)  Paragraph  4.7.12 
Procedure  XII  except  at  operating  temperature  only.  Center  horizontal  resolution 
at  3  x  io~5  max’ mum  foot-candles,  photocathode  illumination  will  be  at  least  350 
lines  with  5G  applied  acceleration  in  the  frequency  range  from  50  to  500  cycles  per 
socond  and  a  double  amplitude  of  0. 036  inch  from  5  to  50  cycles  per  second . 

Humidity 

Under  the  conditions  specified  in  MIL-E-5272C  (ASG)  Paragraph  4.4.1 
Procedure  I.  Following  this  test,  the  interelectrode  insulation  of  the  end  pins  5,  6, 
7,  8,  9,  and  10  each  with  respect  to  all  other  and  base  pins  grounded  and  with  350 
volts  (minimum)  applied  is  greater  than  500  ohms. 
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Acceleration  -  70  G's 


Constant  acceleration  when  applied  perpendicular  to  the  longitudinal  axis 
of  the  tube  for  10  minutes. 

5.  Technical  Notes  for  MgO  Image  Orthicon  Application 

The  success  of  applications  using  the  GE  low  light  level  (MgO)  Image  Or¬ 
thicon  is  dependent  on  the  proper  selection  of  the  variable  parameters  of  the  environ¬ 
ment.  the  tube  as  a  sensor,  the  optical  system,  the  scanning  pattern,  the  video 
processing,  and  the  readout  system.  Lack  of  proper  consideration  in  any  one  of 
these  areas  may  cause  much  dissatisfaction.  It  is  the  purpose  of  this  section  to 
discuss  the  relative  factors  and  trades  available  to  the  equipment/system  engineer 
in  the  use  of  the  MgO  Image  Orthicon  tubes  for  special  purpose  applications. 

a.  Resolution/Sensitivity  Continuous  Scan  -  Distributed  Targets  (Scenes) 

Continuous  scanning  of  the  I.O.  target  is  the  normal  mode  of  operation, 
together  with  eye  viewing  of  the  monitor  to  observe  the  scene.  The  normal  tele¬ 
vision  use  for  which  much  of  the  published  data  is  written  involves  scenes  of  distri¬ 
buted  targets  (extended  sources  and  resolved  target  scenes);  that  is,  a  studio  scene, 
an  outdoor  sports  event  or  such.  Here  the  ambient  light  level  is  usually  sufficiently 
above  the  noise  level  of  the  tube  and  a  reasonable  rendition  of  the  scene  contrast  is 
reproduced.  Typical  performance  curves  for  this  studio  type  of  operation  are  shown 
in  Figures  II-32A  and  B . 

Note  1:  The  curves  are  plotted  for  output  resolution  vs  scene  illumina¬ 
tion.  Thus  for  low  ligl  ■  If  els  the  resolution  is  dependent  on  the  tube 
sensitivity  and  scene  illumination.  At  the  higher  light  levels  better 
resolution  is  available  if  more  scan  lines  are  used .  To  get  higher 
resolution,  sufficient  light  and  proper  number  of  scan  lines  and  band¬ 
width  mus*  be  used  in  the  camera  electronics  and  in  the  monitor  used 
for  viewing.  The  reverse  is  also  true,  that  is,  for  low  light  levels 
where  the  ambient  light  and  tube  sensitivity  show  a  low  resolution  pic¬ 
ture  the  number  of  scan  lines  can  be  reduced  to  approach  the  limited 
resolution,  and  bandwidth  lowered  Accordingly;  meaning  a  less  critical 
(more  economical)  video  amplifier  and  processor. 

Note  2;  Scene  Brightness  or  Luminance  (B)  equals  Scene  Illumination 
(E)  times  the  scene  and/or  Object  Reflectance  (R),  i.e.,  B  =  E  R. 

Note  3:  By  Geometric  Optics  the  photocathode  Illumination  (E)p<.  in 
ft.  candles  is  related  to  the  Scene  Brightness  B  in  candles/ft^ 

E  (ft  candles)  -  X9  c_am%«/ft2 

pc  4  (f/nof 

If  B  in  footlamberts  eliminate  71 

The  theoretical  analysis  of  detection  performance  at  lowest  light  levels  on 
distributed  scenes  as  read  by  eye-viewing  a  monitor,  however,  shows  no  improve¬ 
ment  by  using  fewer  scan  lines,  if  the  scan  pattern  sweeps  the  same  target  area  of 
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the  image  orthicon  in  the  same  time .  (Assuming  beam  current  was  adjusted  at 
lowest  value  for  detection  and  thus  would  be  the  same  as  long  as  the  same  scan  area 
and  time  is  used  irrespective  of  number  of  lines.)  The  energy  from  the  scene  hasn't 
changed,  therefore,  the  average  beam  current  does  not  change  for  same  performanc< 
level.  The  theory  holds  for  noisy  and  noiseless  (theoretically  perfect)  video  pre¬ 
amplifiers.  Bandwidth  is  usually  not  a  factor  since  the  eye  is  the  ultimate  signal 
recognition  detector. 

The  condition,  is,  in  general,  the  same  for  the  case  where  over-scanning 
is  employed  (to  decrease  number  of  equivalent  scan  lines)  and  thus  detectability  of 
a  specific  object  in  a  scene  does  not  change,  assuming  preamplifier  is  noiseless 
and  is  not  causing  a  loss  of  resolution  sensitivity.  The  assumption  of  a  ’'noiseless" 
amplifier  is  also  valid  when  the  light  level  is  high  enough  to  require  a  large  image 
orthicon  beam  scanning  current,  since  the  beam  current  for  best  performance  is 
large  (higher  light  level).  Thus  ihe  I.O.  noise  voltage  at  the  preamplifier  input  is 
much  greater  than  the  equivalent  preamplifier  noise  at  the  preamplifier  input. 

Overscanning  will  give  a  detection  improvement  (will  require  1<  _  light  to 
see  the  same  object)  with  a  practical  "noisy"  amplifier  at  very  low  light  levels, 
since  the  best  performance  beam  current  for  overscan  is  larger  than  the  best  per¬ 
formance  beam  current  for  standard  scan  for  the  same  photocathode  image.  Th  « 
a  high  performance  I.O. system  with  a  low  noise  figure  video  preamplifier  will  sho". 
less  detection  improvement  when  overscanned,  than  a  system  that  has  a  higher  nois 
figure  video  preamplifier.  Some  test  results  have  shown  a  detection  improvement 
at  low  light  levels  (equivalent  to  100  to  200  vertical  TV  lines  of  resolution  at  100% 
contrast)  if  the  I.O.  is  overscanned.  There  is  a  potential  problem  of  large  video 
signals  when  the  beam  strikes  the  metal  ring  that  holds  the  target.  Overscanning, 
since  it  covers  the  complete  "target”  area  or  more,  will  display  on  the  monitor  a 
larger  beam  scanned  area,  equivalent  to  a  larger  field  of  view;  thus  an  object  will 
appear  smaller  (a  decrease  of  object  magnification) . 

Underscanning,  of  course,  will  give  an  object  magnification  with  corres¬ 
ponding  decreasing  of  the  field  of  view  displayed  on  monitor. 

Regarding  object  magnification,  a  similar  viewing  effect  is  noted  when  us¬ 
ing  larger  or  smaller  monitors  to  display  the  same  scene  or  to  view  the  same  moni¬ 
tor  at  further  or  closer  distances .  There  is  a  fall-  off  due  to  frequency  response 
when  viewing  scenes  with  200  TV  lines  or  more  as  noted  in  Figure  II-32A  which 
should  be  recognized  when  evaluating  performance  for  higher  resolution,  but  since  \ 
are  talking  here  of  minimum  detection  (low  resolution  seeing)  we  have  disregarded 
this  effect. 

The  above  discussion  is  further  effected,  and  improvement  will  he  less 
under  condition  of  less  than  100%  contrast  at  low  light  levels  as  a  quick  reference 
to  the  %  contrast  curves  Figure  II-32B  will  reveal'.  The  low  light  level  limit  is  set 
by  the  sensitivity  (quantum  efficiency)  of  the  photoeathode  (S-20  being  the  best  to 
date)  and  the  noise  in  the  scanning  beam  used  to  read  the  target  charge 

The  high  imit  of  resolution  possible  with  the  G.E.  thin  film  Mg<~>  Image 
Orthicon  is  well  over  2000  lines  per  "target"  inch.  The  maximum  resolution  of  a 
system  is  limited  by  the  optics  or  the  photocathode  resolution,  provided  there  is 
sufficient  light  anu  contrast  and  that  beam  current,  scan  pattern,  bandwidth  and 
electronic  circuitry  is  not  limiting  first,  as  is  often  the  case.  See  Figure  n-33  A 
and  B  The  ultimate  resolution  is,  of  course,  limited  by  the  average  intensity 
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Figure  II 


Figure  II-33A.  Normal  Scan  1029  Line  Full  Scan 


Figure  1I-33B.  4  to  1  Underscan  with  1029  Lines:  Moons  have  Increased 
in  Size,  Hence  Resolution  was  Exceeded  Earlier;  Probably  at 
Approximately  3  to  1  or  3000  Lines 


Figure  11-33.  An  Example  of  Underscanning  of  I.O.  for  Increased 
Resolution  —  Jupiter  and  its  Principal  Moons,  1029  Line  Scan 
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(flux)  per  line  and  the  contrast  between  line  and  background.  However,  special  techni¬ 
ques  are  needed  to  demonstrate  and/or  utilize  this  resolution  as  there  are  no  availa¬ 
ble  kinescopes  (monitor  picture  tubes)  that  will  display  much  over  1200  lines  per 
inch  equivalent.  The  5”  oscilloscope  CR  tubes  sucn  as  the  4915  are  the  only  possi¬ 
bility,  unless  the  resolution  is  used  over  only  a  portion  (underscanr  ng  the  I.O.  and 
then  displayed  across  the  full  monitor)  of  the  iield  of  view, 

b .  Illumination  Range  -  Continuous  Se  an  -  Distributed  Object  or  A  t  ea 
(Scenes) 


The  range  of  scene  brightness  that  can  be  handled  depends  on  opera¬ 
tional  settings .  It  is  possible  to  adjust  for  very  close  to  maximum  low  light  level 
sensitivity  and,  without  change  of  settings,  view  distributed  scenes  with  illuminations 
increased  approximately  1 65  times  (if  the  amplifier  is  property  designed)  without 
streaking  or  appreciable  loss  of  resolution  (400  lines),  primarily  lost  because  of 
image  spreading.  More  data  are  needed  here  to  plot  a  complete  resolution  versus 
scene  illumination  cui’ve,  being  careful  that  lens  response  is  not  limiting. 

c .  Resolution /Sensitivity  Unresolved  Object  (Point  Source!  Scenes 

(non- moving  sources) 

Very  little  data  has  been  here!  afore  publ  ished  except  for  the  G.  E 
Photo  Electric  Observatory  Reports  by  J.  F.  Spalding  on  the  performance  of  the 
G.E  thin  film  MgO  Image  Orthieon  applied  to  light  level  scenes  having  unresolved 
(point  source)  star  ohjects .  The  treatment  of  various  brightness  point  sources  and 
resolution/sensitivity  for  various  background  (sky  noise)  levels  versus  number  of 
scan  lines,  scan  period,  bandwidth,  integration  times,  etc.,  is  quite  complicated . 
Basic  tc  the  discussion  is  an  understanding  of  the  environment  and  target  conditions 
(see  Section  If)  and  the  lens  or  optical  parameters  involved  (discussed  in  detail 
in  Section  II-A . 

Important  to  the  understanding  of  the  image  orthieon  are  the  conditions 
of  steady  state,  beam  noise,  reciprocity,  and  the  effect  of  integration  within  the 
image  orthieon  and  external  to  it  (eye  integration  of  the  monitor  display). 

The  resolution  sensitivity  vs  scan  lines  relationship  for  extended  ob¬ 
jects  in  general  holds  for  point  source  scenes.  However,  since  point  sources  may 
be  smaller  than  the  scene  line  resolution,  the  celestial  scene  has  a  high  required 
resolution  and  two  close  sources  will  be  separated  below  what  might  bo  predicted. 
The  difference  is  small  and  the  sensitivity  improvement  with  fewer  S'*an  lines  holcii> 
as  with  the  distributed  scenes,  provided  (1)  the  hypersensitization  condition  does 
not  exist  and  (2)  that  sky  background  level  per  resolution  element  is  not  setting  the 
detection  level. 

Detection  of  point  sources  is  a  matter  of  signal  to  background  noise 
per  resolution  element  as  explained  by  detection  analysis.  Since  the  resolution 
element  size  is  a  function  of  numbers  of  lines  of  scan  and  bandwidth  used,  then  we 
have  a  trade  between  this  and  the  resolution/sensicivity  of  the  tube  itself.  The 
limit  to  be  gained  is  set  by  the  noise  in  the  resolution  element,  since  the  lens  dia¬ 
meter  and  focal  length  can  usually  be  selected  30  that  the  desired  performance  is 
attained.  In  the  aerospace  situation,  the  background  light  may  be  the  limiting  con¬ 
dition  rather  than  the  tube  resolution/sensitivity  performance,  and  thus,  increasing 
the  number  of  lines  (smaller  resolution  elements)  and  larger  bandwidth 
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usually  means  a  gain  in  overall  system  performance.  For  longer  focal  lengths  and 
large  f/numbers,  as  in  high  resolution  narrow  field  astronomy  however,  this  might 
he  reversed  since  the  tube  and/or  electronic  noise  might  be  limiting.  Each  case, 
therefore,  must  be  analyzed  according  to  its  own  requirement  if  a  satisfactory  ap¬ 
plication  is  to  result.  Of  course,  we  could  compromise,  if  target  rates  permit,  by 
using  more  scan  lines  together  with  slower  frame  rates  to  avoid  increasing  hand- 
width  and  thus  obtain  maximum  increase  in  performance. 

For  normal  continuous  scan  operation,  and  a  given  scene  contrast 
level,  intensity  varies  with  integration  time.  However,  for  the  celestial  oack- 
ground  and  pulse  operation  this  can  not  be  extrapolated  directly  without  considering 
other  affects  that  may  introduce  a  bias  in  performance  data . 

Many  curves  can  be  drawn  to  show  the  trade  of  resolution  element  size 
and  background  vs  focal  length,  sensitivity  vs  aperture,  limiting  magnitude  vs  aper¬ 
ture  for  different  integration  periods.  For  a  sample,  see  Figure  n-34  showing  reso¬ 
lution  element  size  and  background  brightness  increases  vs  focal  length.  Since  each 
application  generally  requires  a  complete  set  of  calculations  and/or  experimental 
checks,  we  have  included  only  the  more  frequently  used  curves.  From  the  discus¬ 
sions,  the  remaining  necessary  conditions  can  be  calculated  . 

d .  Pulsed  Mode 


The  characteristics  of  the  MgO Image  Orthieon  tubes  permit  increased 
sensitivity  by  longer  integration  times,  thus  large  optics  are  not  necessarily  needed. 

-As  previously  discussed,  the  ability  for  storage  and  integration  reciprocity  leads  to  spe¬ 
cial  applications  and  studies  where  stationary  or  nearly  stationary  scenes  are  involved. 
(Moving  targets  detection  is  limited  to  the  energy  received  per  resolution  element  size 
integrated  only  for  dwell  time  within  the  element  and  the  time  response  of  the  l.  0.  tar¬ 
get.  )  Data  takenduringthepastfour  years  at  Schenectady  and  Syracuse  has  established 
that  reciprocity  will  exist  under  the  conditions  defined.  Thus,  it  is  only  necessary  to 
determine  what  performance  (star  magnitude)  can  be  obtained  with  a  given  exposure 
or  integration  time  and  trade  time  for  intensity  Or  lens  diameter  to  scale  to  other  val¬ 
ues..  The  following  table  gives  typical  gains  when  using  2  frame  readout.  See  Fig¬ 
ures  11-36  &  37  for  pictures  illustrating  actual  performance  using  Orion  Nebula. 

In  determining  reciprocity  and  performance  it  is  important  to  realize, 
when  eye  viewing  a  monitor,  that  the  eye  is  integrating  for  l/5th  of  a  second.  Thus, 
the  integration  period  is  not  the  scan  frame  period  (1/60,  1/30,  or  1/15  sec  as  com¬ 
monly  used)  but  rather  the  1  /5th  sec  eye  integration  time,  since  it  effectively  is 
integrating  6  scans  on  monitor  in  the  case  of  1/30  sec  frame  time.  If  a  photograph 
of  the  monitor  is  taken,  the  number  of  frames  registered  cn  the  monitor  during  the 
film  exposure,  times  the  frame  period,  should  be  used  for  the  integration  time. 

Here  several  frames  arc  often  used  to  get  the  sufficient  light  time  for  adequate  film 
exposure;  remembering  kinescope  resolution  is  better  at  low  intensities  (less  image 
spreading  or  monitor  phosphor) 

There  is  a  linearity  limit  of  integration  time  which  cannot  be  exceeded 
withou  clipping  This  clipping  occurs  when  the  positive  charge  in  any  target  area 
exceeds  the  positive  voltage  of  the  target  mesh  (the  target  voltage  control  is  actually 
the  target  -  mesh  voltage  control).  If  the  target  voltage  (propel Uou&l  to  intensity 
limes  integration  time-  does  i  xc^ed  the  target  mesh  voltage,  the  secondary  electrons 
due  to  photocathode  current  are  not  collected  by  the  target  mesh  and  are  returned 
to  the  target  to  mask  the  image  char  ge.  Another  way  of  viewing  this  problem  is  to 
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Readout  Techniques  (I.O.  Tube) 


When  pulsing  (using  integration  or  short  exposure)  the  choice  of  num¬ 
ber  of  readout  scans  is  also  considered.  Here  scanning  with  a  low  beam  current 
(low  shot  noise)  can  be  used  many  times,  or  one  scan  of  higher  beam  current  could 
be  used.  The  choice  is  a  matter  of  the  application.  For  instance,  if  good  intensity 
(magnitude)  calibration  were  desired  on  a  single  still  scene,  one  could  use  very  low 
beam  current  and  take  many  scan  readouts  over  a  period  of  time,  taking  a  film 
record  of  the  monitor  for  each  scan.  This  way  at  first  all  stars  including  the  faint¬ 
est  would  show,  then  next  faintest  would  disappear  and  so  on,  until  the  total  beam 
current  used  would  have  discharged  the  brightest  image.  This  technique  provides 
an  accurate  calibration  of  brightness  and  avoids  the  laborious  film  reading  techni¬ 
ques  of  the  past. 

It  is  of  little  use  in  an  aerospace  surveillance  system  since  a  relatively 
long  time  is  spent  in  reading  out  and  getting  the  I.  O.  target  image  discharged:  thus, 
moving  obiects  would  be  missed  completely.  For  the  latter  case,  one  simply  uses 
more  beam  current  and  thus  accomplishes  the  target  image  discharge  in  one  or  two 
scan  cycles  set  by  the  requirements  of  object  movement.  Every  object  is  still  read 
out,  but  the  intensity  gradient  is  less  and  thus  the  relative  brightness  is  not  easily 
measured;  the  beam  current  is  higher  so  the  weaker  targets  are  harder  to  distin¬ 
guish  due  to  the  higher  beam  (shot)  noise .  For  most  aerospace  problems,  the  trade 
will  probably  be  between  one,  two,  three  or  four  scan  readout  cycles,  depending  on 
the  application . 


The  trade  of  one  vs  two  or  more  scan  readouts  per  exposure  of  photo¬ 
cathode  may  be  set  by  the  film  being  used  to  photograph  the  monitor.  Two  3cans 
of  lower  beam  have,  in  theory,  the  same  performance  of  one  scan  of  high  beam  as 
far  as  signal  detection  is  concerned  (the  lower  shot  beam  noise  of  two  scans  equals 
the  higher  noise  of  one  scan),  but  two  scans  will  give  more  monitor  integrated  light 
energy  for  the  recording  film .  (For  pulsing,  the  eye  would  not  be  expected  to  be 
especially  for  integration  periods  longer  than  l/Bth  see)  because  the  time 
readouts  accentuates  the  flashing  readouts  to  Bw  f  Viewer  ■ 


Sensitivity  o  Moving  Point  Targets 


Sensitivity  to  moving  point  targets  creates  a  problem,  in  that  sensiti¬ 
vity  seems  to  have  been  lost.  Actually  no  sensitivity  has  been  lost  at  all '.  This 


depends  on  how  sensitivity  is  defined .  The  performance  is  set  by  the  integrated 
effect  of  source  energy  (its  strength  and  the  length  of  time  the  souVce  energy'  can 
charge  a  single  or  adjacent  resolution  element)  coupled  with  the  I.O.  target  re¬ 
sponse  time  at  that  light  level  plus  monitor  and  eye  or  film  integration  time.  Thus, 
lor  very  slow  or  stationary  sources,  the  performance  is  set  by  the  accumulated 
Integration  time  within  the  system  (l/5th  second  eye  integration  or  readout  system 


integration  time  if  not  a  human  eye).  With  faster  moving  targets,  the  composite  in¬ 
tegration  time  (charge  accumulated  per  1.  O,  scan  cycle  *  number  ctf  scans  integrated) 
is  progressively  less  until  little  or  no  accumulated  charge  exists  for  Integration. 
The  response  times  for  the  I.O.  "Target"  (sensing  surface)  to  retch  steady  state 
readout  are  about  .050  sec  for  moderate  light  levels  to  about  0.3  or  0.4  seconds 
for  the  low  light  detection  limit  sensitivity. 


When  using  largo  f/ratio  optics,  continuous  operation  viewing  a  star 
field  with  no  photocathode  integration  sometimes  gives  erroneous  conclusions.  The 
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f.  Readout  Tecnniques  (1.0.  Tu'Ijc) 


When  pulsing  (using  integration  or  short  exposure)  the  choice  of  num¬ 
ber  of  readout  scans  is  also  considered.  Here  scanning  with  a  low  beam  current 
(low  shot  noise)  can  be  used  many  times,  or  one  scan  of  higher  beam  current  could 
be  used.  The  choice  is  a  matter  of  the  application.  For  instance,  if  good  intensity 
(magnitude)  calibration  were  desired  on  a  single  still  scene,  one  could  use  very  low 
beam  current  and  take  many  scan  readouts  over  a  period  of  time,  taking  a  film 
record  of  the  monitor  for  each  scan.  This  way  at  first  a'l  stars  including  the  faint¬ 
est  would  show,  then  next  faintest  would  disappear  and  so  on.  until  the  total  beam 
current  used  would  have  discharged  the  brightest  image.  This  technique  provides 
an  accurate  calibration  of  brightness  and  avoids  the  laborious  film  reading  techni  ¬ 
ques  of  the  past . 


It  is  of  little  use  in  an  aerospace  surveillance  system  since  a  relatively 
long  time  is  spent  in  reading  out  and  getting  the  I.  O.  target  image  discharged:  thus, 
moving  obiects  would  be  missed  completely.  For  the  latter  case,  one  simply  uses 
more  beam  current  and  thus  accomplishes  the  target  image  discharge  in  one  or  two 
scan  cycles  set  by  the  requirements  of  object  movement.  Every  object  is  still  read 
out,  but  the  intensity  gradient  is  less  and  thus  the  relative  brightness  is  not  easily 
measured;  the  beam  current  is  higher  so  the  weaker  targets  are  harder  to  distin¬ 
guish  due  to  the  higher  beam  (shot)  noise.  For  most  aerospace  problems,  the  trade 
will  probably  be  between  one,  two,  three  or  four  scan  readout  cycles,  depending  on 
the  application. 

The  trade  of  one  vs  two  or  more  scan  readouts  per  exposure  of  photo¬ 
cathode  may  be  set  by  the  film  being  used  to  photograph  the  monitor.  Two  scans 
of  lower  beam  have,  in  theory,  the  same  performance  of  one  scan  of  high  beam  as 
far  as  signal  detection  is  concerned  (the  lower  shot  beam  noise  of  two  scans  equals 
the  higher  noise  of  one  scan),  but  two  scans  will  give  more  monitor  integrated  light 
energy  for  the  recording  film.  (For  pulsing,  the  eye  would  not  be  expected  to  be 
used,  especially  for  integration  periods  longer  than  1  /5th  sec)  because  the  time 
between  readouts  accentuates  the  flashing  readouts  to  the  eye  viewer. 

g.  Sensitivity  o  Moving  Point  Targets 

Sensitivity  to  moving  point  targets  creates  a  problem,  in  that  sensiti¬ 
vity  seems  to  have  been  lost..  Actually  no  sensitivity  has  been  lost  at  all This 
depends  on  how  sensitivity  is  defined .  The  performance  is  set  by  the  integrated 
effect  of  source  energy  (its  strength  and  the  length  of  time  the  souVce  energy  can 
charge  a  single  or  adjacent  resolution  element)  coupled  with  the  I.O.  target  re- 
s[>onse  time  at  that  light  level  plus  monitor  and  eye  or  film  integration  time.  Thus, 
for  very  slow  or  stationary  sources,  the  performance  is  set  by  the  accumulated 
integration  time  within  the  system  (l/5th  second  eye  integration  or  readout  system 
integration  time  if  not  a  human  eye).  With  faster  moving  targets,  the  composite  In- 
tegration  time  (charge  accumulated  per  1.  O.  scan  cycle  x  number  of  scans  integrated) 
is  progressively  less  until  little  or  no  accumulated  charge  exists  for  integration. 

The  response  times  for  the  I.O.  "Target”  (sensing  surface)  to  reach  steady  state 
readout  are  about  .050  sec  for  moderate  light  levels  to  about  0.3  or  0.4  seconds 
for  the  low  light  detection  limit  sensitivity. 

When  using  large  f/ratio  optics,  continuous  operation  viewing  a  star 
field  with  no  photocathode  integration  sometimes  gives  erroneous  conclusions.  The 
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faintest  star  that  can  be  detected  with  the  eye  integration  time  of  0.2  seconds  some¬ 
times  takes  more  than  0.2  seconds  to  appear  on  the  monitor  when  the  lens  is  uncap¬ 
ped  or  the  optics  is  moved  to  a  new  field  of  view.  This  means  the  effective  integra¬ 
tion  time  for  minimum  detection  intensity  can  be  greater  than  the  eye  integration 
time  and  the  sensitivity  for  this  low  intensity  is  decreased,  due  to  the  increased 
integration  time  required  for  detection.  The  cause  of  this  increased  integration  is 
the  non-linear  beam  landing  characteristic,  if  the  photocathode  intensity  in  one  area 
is  low,  with  an  associated  slightly  positive  target  voltage,  notmuchbearn  current  will 
land  and  this  area  will  have  a  larger  target  voltage  for  the  second  scan,  which  will  caur 
more  target  "landing"  current,  and  this  "bootstrapping"  increase  of  target  voltage  chnr 
in  the  "dark"  area  will  increase  for  a  non-moving  target  until  an  equilibrium  exists  be 
tween  the  photocathode  current  positive  charge  (due  to  secondary  emission)  and  the  neg 
tive  charge  left  by  the  scanning  beam.  This  time  to  reach  equilibrium,  the  "time  con¬ 
stant"  cf  beam  landing,  has  to  be  considered  with  Low  intensity  moving  objects.  The  o-> 
way  to  decrease  this  effect  is  to  add  a  uniform  photoeithode  illumination  (use  a  faster 
optics  to  colleetmore  sky  background)  or  make  the  scanningbeam  monochromatic.  Ur 
less  the  sky  background  is  very  dark,  experience  has  shown  that  anf/l.O  optics  will 
collect  enough  background  to  make  the  "time  constant"  of  eye  detectable  objects  0.2 
seconds  or  less. 

Accumulated  ch  >rge  -  integration  time  curves  or  loss  of  sensitivity  vs 
rate  can  be  drawn  for  various  conditions  with  different  ordinates .  But  since  each 
case  should  be  checked  specifically,  we  have  avoided  general  curves  with  their  r. 
marsw  exceptions  and  variances  from  system  to  system . 

h.  Image  Size  (Point  Source)  -  Target  Spreading 


The  size  of  an  image  of  point  source  reproduced  by  an  I  O.  tube  and 
equipment  depends  on  the  intensity  of  the  source.  The  minimum  size  of  an  image  i.s 
generally  two  or  three  scan  lines;  though  occasionally,  if  excellent  lens  qua,:ty  aix 
beet  focus  of  the  lens  and  I.O.  tube  are  combined  with  stable  conditions  of  atmos¬ 
pheric  Seeing,  a  detected  image  size  of  1  line  can  be  achieved . 

Except  for  the  faintest  (or  nearly  faintest)  images,  the  beam  will  sup¬ 
ply  maximum  target  change  as  it  crosses  an  image;  therefore,  the  image  grows  or 
spreads  until  it  is  large  enough  for  the  maximum  beam  landing  current,  integrated 
over  this  size,  to  discharge  it  and  maintain  a  steady  state  condition.  Thus,  except 
in  the  case  of  the  faintest  image,  there  is  little  recognizable  beam  intensity  modula¬ 
tion  (as  was  the  case  of  distributed  scenes  defining  grey  levels)  but  rather  simply 
pulse  width  modulation.  This  leads  to  usa  of  various  noise  reduction  schemes, 

,#ueh  as  pulse  width  discriminators,  reduction  of  bandwidth,  and  line  to  line  correla¬ 
tion  schemes . 

The  extent  of  the  image  size  versus  intensity  varies  with  the  settings 
of  the  I.O.  target  bias  voltage  and  beam  current  determining  the  actual  slope. 
Typical  values  of  image  size  in  terms  of  number  of  scan  lines  are  2  lines  plus  1  to 
1-1/2  lines  per  stellar  magnitude  less  than  the  minimum  detectable  magnitude. 

(The  1  to  1-1/2  variation  can  be  controlled  by  beam  and  target  settings  as  noted.) 
The  extent  of  field  occupancy  is  set  by  totaling  the  number  of  stars  of  each  magni¬ 
tude  times  the  spreading  at  that  magnitude,  from  the  detection  limit  magnitude  and 
•11  smaller  magnitudes.  For  a  16th  magnitude  detection  limit  about  5  to  20%  of  a 
$0X  JO  field  of  vlaw  will  be  unavailable  for  target  detection,  because  of  image 
gpNfli.  The  •%  to  >0%  variation  depends  on  the  portion  of  the  sky  that  la  viewed . 
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Typical  capability  for  handling'  a  wide  range  of  intensities  by  variation 
of  target  and  beam  settings  is  clearly  illustrated  in  Figure  11-37  when  15th- 16th 
Magnitude  Nebula  light  is  clearly  evident  and  the  4th  magnitude  stars  are  not  overly 
large  (in  fact  as  displayed  with  less  spreading  than  in  Figure  n-36  where  only  13th 
mag  sensitivity  is  being  attained  but  with  different  target  and  beam  setting) . 

i.  Image  Orthicon  Focus  Requirements 


It  can  be  shown  from  the  detection  analysis  of  star  images  that  good 
focus  is  required  for  best  detection.  This  is  easily  seen  when  adjusting  an  image 
orthicon  chain:  nothing  can  be  seen  until  optical  focus,  image  foc-’.s  (photocathode 
to  target),  and  scanning  beam  focus  (magnetic  external  and  electrostatic  internal) 
are  very  close  to  their  correct  values . 

Most  of  the  measurement  work  on  the  variation  of  detection  with  focus 
has  used  spread  object  test  charts,  where  detection  has  been  evaluated  by  plotting 
the  change  of  aperture  l’esponse  with  focus.  Aperture  response  is  the  relative  spa- 
cial  frequency  transfer  characteristic  of  an  image  tube  electrical  output  using  a 
variable  spacial  frequency,  constant  light  intensity,  repetitive  pattern  optical  input. 
It  showS'how  the  equivalent  beam  modulation  is  changed  (decreased)  by  a  decrease 
of  image  size  (increase  of  spacial  frequency),  which  makes  detection  more  difficult. 
A  10%  loss  of  aperture  response  will  result  in  a  10%  loss  of  spread  object  detection. 
A  10%  loss  of  aperture  response  will  result  in  some  loss  of  point  object  detection; 
but  the  exact  loss  is  not  a  direct  function  of  aperture  response .  A  typical  Sine  Wave 
image  response  is  shown  in  Figure  IT-38. 

To  achieve  good  optical  focus  the  image  orthicon  and  optics  have  to  be 
rigidly  mounted  so  there  is  no  relative  movement  between  them .  Table  5  shows  the 
voltage  and  current  regulation  required  to  guarantee  a  maximum  aperture  loss  of 
10%,  using  a  standard  TV  scan  and  evaluating  the  aperture  response  at  an  equiva¬ 
lent  frequency  of  5  Me  (400  TV  lines). 


Tibia  S.  Required  Focus  Regulation. 

Variable  %  Regulation  for  10%  Loss  of 

Aperture  Respooee  at  400  TV  Lines 


Photocathode  j  PC 
Image  {v^T 

Magnetic  Beam  Focus  Current 
Electrostatic  Beam  Focus  (V_ .) 

Irt 


4  Ratio 


1% 

0.1% 

0.2% 


One  other  focus  detection  loss  is  due  to  the  interaction  of  the  time  vary¬ 
ing  magnetic  fields,  used  to  deflect  the  scanning  beam,  with  the  stream  of  photo¬ 
electrons  that  makes  the  target  image .  This  interaction  causes  image  defocusing. 
The  improved  magnetic  shielding  of  new  "color  TV"  image  orthicon  yokes  give  ao 
aperture  response  improvement  of  40%  at  400  TV  lines  frequency  (5  Me) . 


M 
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j .  Interlaced  Versus  Non-Interlaced  Scanning 


The  question  of  interlaced  versus  non-interlaced  equipment  scanning 
involves  several  choices .  Both,  in  theory,  will  perform  equally  as  to  sensitivity, 
resolution,  etc.  However,  due  to  spreading,  stability,  and  circuit  linearity,  non¬ 
interlaced  scanning  will  be  more  satisfactory  and  practical  for  research  and  experi¬ 
mental  work  —  especially,  if  image  cancellation  and  similar  techniques,  where  lin¬ 
earity  is  to  be  a  factor,  are  to  be  studied.  Some  flicker  will  be  apparent  if  using  a 
P-4  phospor  monitor  tube.  However,  from  experience  at  the  Schenectady  Observa¬ 
tory,  it  is  not  objectionable  and  is  offset  by  its  advantages  in  selecting  film  record¬ 
ing  equipment.  Practically  the  only  reason  to  use  an  interlaced  scan  is  to  tie  in 
with  a  commercial  TV  network  or  to  use  unmodified  commercial  monitors'. 


k.  Under  Scan  -  Electronic  Zooming 

Underscanning  is  a  form  of  electronic  zooming;  i.e.,  we  can  scan  less 
than  the  usable  area  of  the  I. O.  target  and  display  area  scanned  on  the  full  monitor 
view.  By  varying  the  amount  of  area  actually  scanned,  we  have  electronic  zooming. 
Unaerscanning,  for  long  periods,  will  not  harm  thin  film  MgO  1.0  tubes  (this  is  not 
true  for  glass  target  I. O. 's).  The  resolution/sensitivity,  of  course,  changes  as 
explained  in  earlier  paragraphs,  but  normally  with  sufficiently  lighted  scenes,  the  full 
advantage  of  2  to  1,  or  even  3  to  1,  zooming,  can  be  realized  provided  light  level 
or  exposure  time  is  properly  adjusted.  Figures  II-33A  &  B  illustrates  4  to  1  under¬ 
scan  while  looking  at  Jupiter  and  its  four  principal  moons . 

l.  Field  of  View  (angular) 

The  total  angular  field  of  view  of  a  lens  system  with  a  given  focal  length 
is  limited  by  the  required  corrections  of  the  lens  aberrations,  which  thus  determines 
the  useful  sensor  element  size  (frame  size  in  case  of  camera  film  detector  surface 
or  photocathode  size,  in  case  of  electrical  sensors) .  Thus  aberrations  and  poor 
definition  are  introduced  if  larger  fields  than  the  designer  planned  are  attempted  with 
the  same  lens. 


The  calculation  of  field  of  view  is  based  on  focal  length  and  dimensions 
of  the  sensor  tise,  with  the  assumption  that  the  lens  is  corrected  for  the  size  selec¬ 
ted  (less  than  maximum  else  specified  by  the  designer). 


If  we  avoid  large  fields  of  view  (where  the  arc  tangent  varies  from 
linear  conversions)  we  can  use  the  simplified  expression;  the  angular  field  of  view 
in  radians  per  unit  length  of  sensor  surface  is  equal  to  the  inverse  of  the  focal 
length.  Converting  to  degrees  this  becomes 


9  (degrees) 


57.3xd  (inches) 
focal  length  (inches) 
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For  1 .55"  diagonal  photocathode  surface  of  the  3"  Image  Orthicon  this  becomes 

*  57.3  X  1. 55  fc9 

8  -  —  PL - =  PL  (inches)  d.a.jonal  deerees 

This  is  plotted  in  Figures  II-39A  and  B. 
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FOCAL  I.IN0TH  IN  MCHCS 

Figure  I1-39A.  Field  of  View  vs  Focal  Length,  Short  and  Medium  Focal  Lengths 
(i  to  100  inches);  Max  (1.55°)  Effective  Diagonal  On  Photocathode;  Multiply  by 
.  707  for  Square  Raster;  Multiply  by  .  6  and  .  8  for  3  *4  Aspect  Ratio  for  3" 

MgO  Orthicon  Normal  Scan 

m.  Fiber  Optics  Faceplate  Tubes 


G.  E.  has  a  group  of  Fiber  Optics  faceplate  tubes  for  those  applications 
requiring  the  focus  plane  at  the  external  surface .  The  fiber  bundle  limits  resolution 
to  approximately  870  TV  lines  per  inch  of  photocathode,  and  limits  the  input  area  to 
1 . 5  inch  diameter . 

Use  of  a  Fiber  Optic  coupling  system  avoids  some  of  the  losses  in¬ 
herent  in  conventional  Optical  Lena  coupling  and  provides  a  new  flexibility  with  the 
optics .  Whenever  a  camera  tube  can  be  closely  coupled  with  the  object  to  be  viewed, 
a  fiber  optic  faceplate  tube  should  be  considered  as  the  optics  may  be  simplified  or 
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Figure  II-39B.  Field  of  View  vs  Focal  Length,  Short  and  Medium  Focal  Lengths 
(1  to  100  inches);  Max  (1.55°)  Effective  Diagonal  On  Photocathode;  Multiply  by 
.  707  for  Square  Raster;  Multiply  by  .  6  and  .  8  for  3  *  4  Aspect  Ratio  for  3" 

MgO  Orthicon  Normal  Scan 

even  eliminated  in  some  cases.  Applications  include  devices  with  fiber  optic  type 
outputs,  such  as  flexible  fiberscopes,  Intensifier  tube  coupling,  radiation  scintilla¬ 
tors,  and  complex  fused  fiber  optic  shapes.  Other  applications  include  front  sur¬ 
face  reading  such  as  photograph  film  or  printing  in  close  contact  to  the  faceplate 
without  any  lens  system . 

n.  Scanning  Period  -  Bandwidth 

The  choice  of  scanning  period  varies  with  application.  If  viewing  a 
monitor  is  of  utmost  concern  then  the  time  honored  1/30  sec  interlaced  scan  of 
commercial  TV  is  hard  to  beat.  In  military  applications,  viewing  is  generally  only 
a  "monitoring"  procedure  and  can  be  provided  by  special  means,  in  order  that  the 
scanning  period  and  format  can  be  tailored  to  the  system  integration  time  require¬ 
ments.  For  instance;  if  the  integration  period  is  i/2  sec  a  non-interlaced  raster 
(even  with  a  large  number  of  lines)  will  still  keep  bandwidth  requirements  low.  Ad¬ 
ditionally  slower  scanning  means  less  target  spreading  (physical  area)  hence  higher 
resolution  for  separating  objects,  and  less  total  field  occupancy,  therefore,  a  higher 
probability  of  detection  since  more  time  and  space  is  available  to  find  the  target  of 
interest. 
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Bandwidth  is  generally  selected  so  that  horizontal  resolution  is  equal 
or  more  than  the  vertical  line  resolution. 

Resolution  is  not  always  a  function  of  bandwidth,  it  may  be,  as  men¬ 
tioned  earlier,  limited  by  the  I.  O.  photocathode  resolution,  the  I.O.  target,  the 
I.O.  beam  diameter,  or  the  monitoring  tube  'beam  or  phosphor  size)  if  this  is  the 
readout,  or  input- limited  by  the  atmosphere  or  lens  resolution. 

b.  Video  Processing  Techniques 

The  primary  concern  ji  video  processing  is  to  extract  useful  information 
by  a  combination  of  equipment  and  techniques  and  present  it  for  viewing  or  data 
processing. 

The  output  of  the  sensing  device  is  generally  amplified  with  circuits  de¬ 
signed  especially  for  emphasizing  and/or  extracting  various  features  and  detail 
information.  The  type  and  extent  of  video  processing  applied  depends  largely  on 
the  application. 

Ordinary  TV  and  industrial  TV  distributed  scene  viewing  usually  needs: 
good  grey  scale,  low  noise,  high  and  low  frequency  peaking,  gamma  correction, 
aperture  correction,  horizontal  and  vertical  shading,  in  addition  to  the  usual  bright¬ 
ness  and  contrast  control. 

Detection  of  objects  in  a  celestial  environment  does  not  need  grey  scale 
but  rather  high  sensitivity  (low  noise  -  high  gain),  high  and  low  frequency  peaking 
"contrast  enhancement"  techniques,  especially  when  using  higher  f/number  reflec¬ 
ting  optics.  Horizontal  and  vertical  shading  is  generally  not  needed  as  tube  uni¬ 
formity  is  generally  good  and  thus  can  be  illuminated  to  keep  circuit  noise  and  pick 
up  problems  to  a  minimum.  Some  cloud  discrimination  is  possible  with  proper 
video  processing. 

High  resolution  of  objects,  lunar  scene  viewing  and  mapping,  missile 
launch  monitoring,  etc.,  requires  higher  resolution,  more  TV  lines  and  slower 
scanning  to  minimize  bandwidth  requirements,  high  sensitivity  (low  noise  -  high 
gain),  adjustable  high  and  low  frequency  peaking  and  in  some  cases  extensive  use 
of  "contrast  enhancement"  techniques. 

Moving  target  identification  involves  a  combination  of  many  processing 
techniques  to  cover  the  host  of  conditions  imposed  by  varying  target  rates  and  sky 
background  conditions.  Monitoring  for  eye  viewing  requires  reasonable  scan  frame 
rates  (similar  to  commercial  TV  but  not  necessarily  as  fast).  Non-interlace  does 
give  flicker,  but  this  is  not  objectionable  for  monitoring  only  purposes.  When 
slower  frame  rates  are  used  the  longer  persistant  phosphors  such  as  P-7  should 
be  used  to  ease  the  strain  on  the  operator's  eyes;  for  very  slow  rate  use  memory 
display  tubes  or  film  read  out. 

The  P-7  does  not,  as  commonly  believed,  limit  the  resolution  attainable 
for  viewing  We  have  been  operating  a  P-4  and  P-7  monitor  side  by  side  for  over 
a  year  (including  photographing)  with  similar  (800  line)  resolution  attained  on  both. 
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1 .  Monitor  Recording 

Film  recording  of  information  displayed  on  a  CRT  Oscilloscope  or  TV  type 
monitor  are  much  the  same  except  of  the  size  of  viewing  tube.  Where  serious  re¬ 
cording  is  intended  the  5"  CRT  and  scope  camera  should  be  used,  as  higher  resolu¬ 
tion  tubes  and  greater  precision  is  generally  available  as  well  as  more  phosphors . 
Besides  matching  tube  and  film,  the  rates  and  periods  as  well  as  other  details  of 
the  application  are  important  if  satisfactory  results  are  to  be  expected . 

The  characteristics  of  tube  and  application  includi 

1.  Sweep  or  writing  rates,  recycling  period,  no  of  scans  to  be  filmed, 
per  film  picture . 

2.  Spot  size  of  the  writing  trace. 

3.  The  decay  rate  of  the  CRT  phosphor. 

4.  Brightness  and  contrast  in  CRT  picture  (beam  current  and  voltage  of 
CR  Tube) . 

5.  Spectral  emittance  of  the  phosphor  used  in  the  CRT  screen. 

The  film  characteristics  include: 

1.  Film  spectral  sensitivity. 

2.  Film  speed. 

3.  Reciprocity  and  other  exposure  characteristics. 

4.  Graininess  and  transfer  characteristics. 

5.  Contrast  and  density  range  (grey  scale) . 

6 .  Developing  and  printing  procedures . 

Tb  final  selection  should  be  checked  with  actual  tests  for  practical  and 
satisfying  :sults . 

Table  I  summarizes  the  most  common  phosphors  used  for  photographic 
recording  and  Tables  II  and  III  show  the  relative  speeds  of  different  phosphor- film 
combinations,  with  different  developing  times.  From  the  above  note  that  a  P-11 
CRT  with  Photoflure  (green)  Cineflure  or  Linagraph  ortho  are  very  good  for  fast 
work;  Tri  X  for  ormal  work  and  Photoflure  (blue)  for  very  fast.  For  more  de¬ 
tails  refer  to  Kodak  Data  Book  #P-37  on  films  for  CRT  Recording  (available  thru 
Kodak  dealers) . 

2.  Standard  and  Non-Standard  I.O.  Chain  Processing 

For  the  purposes  of  this  section  some  of  the  various  processing  techniques 
are  defined  and  briefly  outlined.  It  is  riot  the  intention  here  to  develop  design  de¬ 
tails  but  rather  to  serve  as  an  introduction  to  the  possibilities  of  processing.  The 
application  section  deals  with  some  of  the  combinations  of  features  needed  for  speci¬ 
fic  requirements  and  the  trades  to  be  made. 
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Type 

Persist¬ 
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Decay 

Time* 

(In 
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Fluoi ( 

cence 

P4 

Medium  or 
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short 

112 

14, 000 

Wb'le 

Pll 
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30 

Blue 

PI  5 

Extremely 
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1.7 
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ultra  vi 

P16 

Extremely 

short 

0.1 

— 

Violet 

near-u 

violet 

P24 

Extremely 

short 

2.5 

Light p 

•Decay  time  of  a  cathode- ray  tube  phosph 
full  value  to  1/e (36. 8  percent)  of  the  full 
intensity  to  fall  to  10  percent  of  the  full  \ 
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hosphor  Characteristics  1 


,hospho- 

escence 

Wave- 
Length 
of  Peak 
Radiant 
Energy 

-  ■  "  — T 

Applications 

“ 

Remarks 

-Vhite  or 
due-white 

4500  A 

5800  A 

Television  pic¬ 
ture  tubes 

l 

Some  P4  fluorescent  powders 
are  available  with  a  silica 
coating  for  burn  resistance. 

Hue 

4550  A 

Special  oscillo¬ 
scope  for  photo¬ 
graphic  record¬ 
ing 

Produces  a  brilliant  actinic 
spot  .  Widely  used  for  photo¬ 
graphic  recording. 

Blue-green 
and  near- 
ultraviolet 

5100  A 

Flying-spot 
scanners  or 
special  oscillo¬ 
scopes 

Helpful  for  high-resolution, 
high-frequency,  continuous- 
motion  recording.  Not  as 
actinic  as  Pll. 

Violet  and 
near-ultra¬ 
violet 

a 

Flying-spot 

scanners 

r  il  ,| 

Has  stab)*  exponential  decay- 

j 

4900  X 

- - 

Color  flying-apot 
scanners 

I 

uially  measured  as  the  time  it  takes  for  t  e  light  intensity  to  fall  from 
Somctimea,  however,  it  ia  n.eaaured  at  the  time  required  for  the  lifl 
flie  decay  limes  given  in  this  table  are  t  i/e  of  the  full  value . 


Table  II.  Relative  CRT  Speeds*  of  Kodak  Films 
Normal  Development:  4  minutes  in  Kodak  Developer  D-19  at  68  F  (20  C) 


Phosphor 

Pll 

P4 

P15 

P16 

P24 

Photoflure,  Blue  Sensitive 

2400 

180 

60 

200 

83 

Photoflure,  Green  Sensitive 

1800 

500 

250 

130 

240 

Cineflure 

1800 

500 

250 

130 

240 

Linagraph  Ortho 

1800 

500 

250 

130 

240 

Royal  Ortho  (sheet) 

1000 

250 

130 

80 

130 

Linagraph  Pan 

900 

320 

120 

82 

120 

Tri-X  Negative 

900 

320 

120 

82 

120 

Linagraph  Shellburst 

500 

180 

60 

48 

WEM 

Eastman  High  Speed  Positive,  Type  5305 

360 

51 

25 

45 

28 

Royal-X  Pan  Recording** 

320 

150 

65 

23 

47 

Eastman  Television  Recording. 

100 

n 

5.2 

7.5 

5.2 

Type  5374  and  Type  7374 

Eastman  fine  Grain  Release  Positive, 

35 

4 

2 

6 

2 

Type  5302  and  Type  7302 

Kodalith  Ortho,  Type  3 

32 

5 

r* 

5 

8 

High  Contrast  Copy 

20 

12 

4 

5 

♦Measured  at  a  density  of  1.0  (net)  and  relative  to  the  speed  of  100  assigned  to  East¬ 
man  Television  Recording  Film,  Type  5374,  when  exposed  to  a  P-ll  phosphor  and 
developed  in  Kodak  Developer  D-19  for  4  minutes  at  68  F  (20  Ci. 

**A  greater  speed  advantage  will  be  realised  if  Kodak  Developer  DK-50  is  used. 

t  4 
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Table  III.  Relative  CRT  Speeds*  of  Kodak  Films 
Extended  Development:  15  minutes  in  Kodak  Developer  D-19  at  68  F) 


Phosphor 

Pll 

PI  6 

P24 

Royal -X  Pan  Recording 

6300 

600 

1200 

Photoflure,  Blue  Sensitive 

5400 

500 

220 

Cint-flure 

4100 

250 

360 

Linagraph  Ortho 

4100 

250 

360 

Royal  Ortho  (sheet) 

3900 

220 

400 

Tri-X  Negative 

2600 

200 

370 

Linagraph  Pan 

2600 

200 

370 

Linagraph  Shellburst 

2400 

190 

260 

Eastman  High  Speed  Positive 

630 

82 

25 

Eastman  Television  Recording, 

250 

19 

ii 

Type  5374  and  Type  7374 

♦Measured  at  a  density  of  1.0  (net)  and  relative  to  the  speed  of  100  assigned  to 
Eastman  Television  Recording  Film,  Type  5374,  when  exposed  to  a  P-il 
■ad  developed  in  D-19  for  4  gaitti  st  68  F. 


a.  Aperture  Correction 


Aperture  correction  is  used  to  accentuate  rapid  transitions  from  black 
to  white  or  white  to  black.  It  helps  to  sharpen  the  picture.  It  is  accomplished  by 
providing  an  increase  in  gain  with  increase  in  frequency  (usually  O.udbor  0.6 
db/mc). 


b.  High  and  Low  Frequency  Peaking 


Low  frequency  -  high  frequency  peaking  is  used  to  obtain  a  video  am¬ 
plifier  with  a  flat  response  over  wider  frequency  range  than  would  be  obtained  in  a 
straight  video  amplifier . 

Often  the  peaking  is  adjustable  to  permit  variations  such  as  over  peak¬ 
ing  the  lows  and/or  highs  (usually  the  high  as  the  latter  accomplishes  in  part  a  modi¬ 
fied  form  of  aperture  correction) . 

c.  Gamma  Correction 

Gamma  correction  is  used  to  correct  black  compression  in  the  moni¬ 
tor  picture  tube  (monitor).  It  is  used  where  scene  viewing  (studio  and  outdoor 
sports)  displayed  ca  a  picture  tube  is  the  prime  concern  as  in  commercial  TV  and 

industrial  TV.  It  is  of  questionable  value  in  low  light  level  military  scene  applica¬ 
tion  and  is  not  needed  for  applications  involving  point  sources  (celestial  background, 

etc . ) . 


d.  Shading 


Horizontal  and  Vertical  -  is  primarily  needed  where  non-uniform 
image  orthicons  are  useful.  It  is  useful  only  if  the  non-uniformity  increases 
(or  decreases)  linearly  from  left-to-right,  up-to-down  when  only  sawtooth  shading 
is  available.  Scene  non-uniformity  or  tube  non-uniformity  not  varying  nearly  lin¬ 
early  or  on  a  simple  sawtooth  curve  would  require  too  many  versions  of  circuitry  to 
be  practical  and  is  thus  not  used.  The  uniformity  of  the  G.  E.  thin  film  MgO  I.  O. 
tubes  is  generally  excellent  and  thus  good  electronics  are  used  shading  circuitry  can 
be  eliminated  for  nearly  all  applications.  (For  studio  work  It  Is  also  used  to  correct 
for  non-uniform  lighting. )  Elimination  means  much  less  chance  of  unnecessary  pick 
up  and  noise  being  added  in  the  video  circuits. 

e.  Scene  A .  G .  C . 

Automatic  Gain  Control  feedback  in  the  video  amplifier  can  be  used 
for  two  purposes.  The  first  is  to  control  video  gain  to  reduce  chance  of  video  sat¬ 
uration  on  larger  signals.  The  second  allows  correction  for  poor  (variable)  shading 
where  signal  level  is  involved  .  The  choice  of  filtering  in  the  feedback  or  control 
function  is  optimized  to  the  type  and  extent  of  correction  desired.  Generally  slow 
in  relation  to  bandwidth  but  faster  than  a  single  line  of  scan  (perhaps  1  AO  to  1/3  of 
scanning  frequency) . 

f.  Iris  Control 


Thin  film  MgO  Image  Orthicons  can  handle  (without  adjustment)  from 
10, 000  to  100, 000  light  intensity  range  without  serious  effects,  provided  the 
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electronic  chain  is  not  limiting  the  performance.  Where  light  ranges  greater  than 
this  are  to  be  encountered  then  some  form  of  iris  control  of  the  lens  or  optical  por¬ 
tion  of  the  system  should  be  provided .  This  can  be  manually  set  or  automatically 
controlled .  In  the  latter  case  the  automatic  control  signal  may  be  developed  from 
separate  detection  sources  (light  meter  type  operation)  or  by  monitoring  the  image 
section  of  the  I.O.  and  using  this  as  a  means  of  iris  control.  Iris  control  can  also 
be  accomplished  by  short  pulsing  the  I.O.  photocathode  and  thus  eliminating  the 
lens  iris  and  associated  control.  See  Section  II-C-l-a-5-e. 

g.  Underscanning 


Underscanning  the  I.O.  target  has  been  discussed  in  Section  II-C-1-a- 
5-k  on  I.O.  operation.  In  summary  it  provides  a  form  of  zooming,  that  is,  only  a 
portion  of  the  total  scene  is  scanned  and  displayed  on  the  full  monitor  viewing  area, 
thus  presenting  a  "close-up”  of  that  portion  of  the  scene.  Since  the  G.E.  thin  film 
MgO  I.O.  tubes  have  a  high  resolution  capability  (2000  lines  or  more)  a  three  or 
four  to  1  underscan  is  possible  with  an  apparent  gain  of  resolution,  using  525  to  1029 
line  scanning.  (This  of  course  is  only  true  if  the  optics,  scene,  brightness  and/or 
the  atmosphere  or  environment,  has  the  extended  resolution  capability.)  The  MgO 
tubes  can  be  ui  lerscanned  for  reasonably  long  periods  without  damage  or  perman¬ 
ent  "picture  framing"  (though  sometimes  it  will  take  a  few  minutes  before  the  ef¬ 
fect  disappears  depending  on  the  extent  of  the  after  image  effect  on  the  particular 
tube  in  use) .  With  underscanning  in  a  celestial  background  the  beam  current  should 
be  reset  to  maintain  maximum  performance . 

h.  Overscanning 


Overscanning  the  I.O.  tube  is  generally  done  for  one  of  two  reasons  - 
The  first,  as  an  aid  in  equipment  set  up,  adjustment,  etc.  The  second;  to  have 
fewer  scan  lines  which  may  result  in  improved  resolution  sensitivity  with  verv  low 
light  levels . 

3)  Video  Processing  of  Point  Objects 

The  analysis  of  detection  or  image  signal  to  noise  ratio  compared  to  elec¬ 
trical  signal-to-noise  ratio  shows  that  an  electrical  signal  to  noise  ratio  equal  to 
the  detection  signal  to  noise  ratio  can  be  achieved  if; 

1 .  X  lines  of  point  image  spread  are  added  by  RF  or  video  delay  lines . 

S.  X  resolution  elements  are  added  by  a  suitable  decrease  of  video 
bandwidth. 

S .  K  scans  equal  to  the  image  Integration  time  are  added  with  perfect 
registration  between  individual  scan  images . 

It  is  difficult  to  add  X  lines  of  video  information  without  some  bandwidth 
loss  and  variable  delay  misregistration.  The  signal  processing  techniques  of  radar 
(VICI,  etc.)  can  be  used  with  increase.)  system  complexity,  including  a  frequency 
transfer  of  video  to  some  video  modiu  4ed  RF  frequency  and  a  determination  of 
horizontal  scan  frequency  from  the  RF  circulation  line  delay.  The  value  of  X 
(number  of  circulations  or  number  of  video  delay  lines)  is  usually  determined  by 
the  line  spread  of  the  minimum  detectable  signal .  And  this  line  spread  is  a  func¬ 
tion  of  the  beam  current  adjustment  and  the  background  intensity  of  tli?  specific 
field  of  view.  Usually  X  is  assumed  to  be  2  or  3  for  the  minimum  detectable  signal. 
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The  technique  of  resolution  element  addition  by  decreasing  bandwidth  can 
be  easily  accomplished,  and  has  been  proven  effective  when  using  a  storage  tube 
temporary  catalog  of  a  star  field . 

The  integration  of  K  scans  can  be  accomplished,  in  theory,  by  target  charge 
integration  or  pulsing.  In  other  words,  a  single  scan  readoff  at  the  target  charge 
pattern  after  a  non-scanned  photocathode-on  interval  of  u.2  seconds  (K  of  6  for  1/30 
second  scan)  should  result  in  the  same  image  detection  as  continuous  operation  of 
the  image  orthicon  with  eye  detection  using  monitor  viewing.  There  are  limits  of 
integration  time,  sky  intensity,  and  optics  diameters  and  focal  lengths  that  cannot 
bo  exceeded  because  of  excessive  target  charge  ''clipping". 

One  method  of  overcoming  the  scan  integration  problem  is  to  add  successive 
scans  on  a  storage  tube  in  the  "write"  mode,  and  "readoff"  the  integrated  total  of  a 
number  of  scans . 

An  equipment  problem  that  the  eye  automatically  solves  is  "stationary" 
noise,  or  flat  field  nonuniformities  of  electrical  output.  Since  these  nonuniformities 
are  stationary  or  repeat  from  scan  to  scan,  one  method  of  getting  rid  of  them  is  to 
write  the  electrical  scanned  output  of  a  uniform  illumination  input  on  a  storage  tube, 
and  subtract  the  storage  tube  readoff  signal  from  succeeding  scanned  outputs  of  an 
image,  on  a  point  by  point  basis.  This  results  in  an  increased  system  complexity. 

Another  method  of  cancelling  stationary  noise  is  indirect  in  theory  but  does 
not  .-suit  in  increased  system  complexity:  most  stationary  noise  is  equivalent  to 
a  laige  image  size  with  low  equivalent  video  frequencies,  and  surveillance  systems 
require  electronic  detection  using  peak  detectors,  so  a  peak  detector  designed  to 
work  on  bandpass  video  could  accomplish  most  of  the  "stationary  noise"  processing 
the  eye  does.  This  peak  detector  would  look  at  video  that  has  already  passed  through 
a  bandpass  filter,  or  it  would  have  a  detection  threshold  that  would  follow  low  fre¬ 
quency  variations . 

4)  Noise  Spectrum 

An  image  orthicon  is  usually  considered  a  vei’y  high  output  impedance  cur¬ 
rent  generator,  with  a  lOpf  to  20pf  capacity  to  ground  output  impedance.  The  two 
methods  used  for  achieving  an  overall  flat,  frequency  response  both  use  a  large  100K 
load  resistor  as  the  preamplifier  load  resistance,  followed  by  (1)  peaking  circuits 
that  give  a  rising  voltage  gain  versus  frequency  past  the  input  RC  cutoff  frequency, 
or  (2)  to  use  feedback  to  effectively  decrease  the  equivalent  resistance  of  the  100K 
input  resistor.  In  either  method,  the  amplifier  noise  spectrum  with  zero  beam  cur¬ 
rent,  at  a  point  v.here  the  overall  signal  frequency  response  is  flat,  will  not  be  flat 
Gaussian  noise.  The  rms  noise  per  cycle  will  be  greater  at  the  high  end  of  the 
overall  video  bandwidth,  than  at  the  low  frequency  end.  If  the  image  orthicon  beam 
current  is  increased  until  the  complete  video  bandwidth  noise  is  due  to  beam  current, 
the  noise  spectrum  will  be  flat.  A  fairly  good  method  of  evaluating  a  specific  image 
orthicon  premaplifier  is  to  find  the  output  annode  DC  beam  current  required  to  in¬ 
crease  the  preamp  noise  by  50%.  The  better  the  preamp,  the  lover  the  required 
output  annode  current  for  beam  noise  equal  to  amplifier  noise.  Unfortunately,  the 
beam  noise  versus  DC  output  current,  and  output  capacity,  etc. ,  of  image  orthi 
cons  vary  enough  so  the  same  I.O.  tube  has  to  be  used  to  evaluate  preamps. 

To  restate  the  effect  of  noise  on  eye  image  detection:  when  viewing  a 
"medium”  spacial  frequency  repetitive  pattern  or  point  object,  only  the  noise  in 


11-105 


the  same  spacial  frequency  region  is  effective  in  masking  the  signal.  So  for  flat 
spectrum  noise,  the  important  variable  is  rms  noise  per  unit  bandwidth,  and  the 
viewing  eye  is  then  considered  a  ’’bandpass''  device.  So  the  amplifier  noise  level 
in  the  spacial  frequency  region  of  interest  is  more  important  than  the  overall  video 
bandwidth  amplifier  noise.  And  just  as  the  eye  adjusts  to  view  objects  of  a  specific 
desired  size,  the  electronic  processing  before  peak  detection  can  use  a  bandpass 
filter  to  look  for  objects  of  a  specific  desired  bandwidth. 

5)  Image  Intensifier  Orthicon . 

2 

The  image  intensifier  orthicon  (I  O)  incorporates  an  image  intensifier  sec¬ 
tion  ahead  of  the  conventional  image  orthicon.  The  intention  is  to  get  the  sensitivity 
of  the  image  converter  with  the  advantages  of  image  orthicon  -  electrical  (scanned) 
output'. 

The  published  curves  of  low  light  level  performance  of  the  presently  availa¬ 
ble  I20  S-20  tubes  show  that  the  best  tubes  require  about  l/4th  (300  line  resolution) 
to  1/lOth  (100  line  resolution)  of  the  scene  illumination  necessary  for  equivalent 
performance  of  the  thin  film  I.O.  's.  Thus,  for  low  light  level  surface  scene  sur¬ 
veillance  not  requiring  more  than  400  line  resolution,  the  I^O  has  a  definite  sensi¬ 
tivity  advantage,  though  the  circuitry  is  more  extensive. 

In  its  presently  available  form,  the  I20  is  limited  to  400  lines  resolution. 
Thus,  it  may  be  background  limited  because  of  increased  resolution  element  size. 
Also,  the  resolution  ability  to  separate  point  sources  is  limited  to  this  400  line 
resolution.  For  these  reasons  the  l^O  requires  a  large  focal  length  optic? 

Summing  the  differences: 

2 

1 .  Photocathode  area  is  greater  for  I  O  (require?  more  glass  for  same 
1/  ratio) 

2.  Less  beam  landing  problems  (has  more  pre-”target"  light  amplifica¬ 
tion)  . 

3.  I20  has  more  scatter;  therefore,  less  contrast. 

4.  From  Parton^*®);  measurements  for  less  than  400  resolution  lines/ 
picture  width  - 

a.  No  object  movement:  scene  intensity  needed  for  I20  is  approx. 

1/1 0th  intensity  needed  by  I.O.  for  given  line  resolution. 

b.  With  object  movement:  intensity  I20  approx.  1/10  to  1/100 
intensity  I.O.  for  given  line  resolution  (this  due  to  2  above). 

5.  I20  limited  to  400  line  resolution  plus  an  additional  reduction  in  the 
corners . 

6.  Requires  long  focal  length  lens  (with  associated  small  field  of  view) 
to  limit  the  celestial  background  per  resolution  element. 

7.  The  I^O  is  subject  to  blooming  and  therefore  further  loses  its  appeal. 
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2 .  CATALOG  IMAGE  STORAGE 


All  separation  techniques  that  use  single  site  relative  movement  between  a 
target  and  the  celestial  background  require  some  method  of  image  storage.  Some 
operating  problems  and  theory  of  operation  are  discussed;  for  electronic  scanned 
storage  tubes,  astronomical  film,  and  electronic  tape  recording. 

a.  Electrostatic  Storage  Tube 

This  general  description  of  operation  cf  an  electrostatic  image  storage  tube 
with  direct  electronic  readout  uses  the  Raytheon  QK-685  as  a  model.  The  theory  of 
operation  would  apply  in  general  to  other  manufacturers  electrostatic  storage  tubes . 
A  more  detailed  reference  is  Raytheon  Technical  Information  Bulletin  Number  142-1, 
"A  Survey  of  Recording  Storage  Tube  Types”  by  Alvin  S.  Luftman. 

Figure  11-40  shows,  schematically,  the  arrangement  of  the  storage  screen 
and  collector  electrodes  of  the  storage  tube.  The  storage  screen  is  a  fine  metal 
mesh  of  about  1000  lines  per  inch .  The  side  of  the  mesh  facing  away  from  the  col¬ 
lector  plate,  and  toward  which  the  electron  beam  is  directed,  is  coated  with  a  di¬ 
electric  material  having  a  maximum  secondary  emission  ratio  considerably  greater 
than  unity.  Figure  11-41  is  the  secondary  emission  curve  of  a  typical  material  of 
this  nature. 
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Figure  11-40.  Basic  Storage  Tube  Electrode  Arrangement 


Now  if  the  electron  beam  is  allowed  to  strike  the  dielectric  surface  at  a 
potential  less  than  the  critical  value  Vc,  the  secondary  emission  ratio  will  be  less 
than  unity;  that  is,  the  rate  at  which  secondary  electrons  leave  the  dielectric  sur¬ 
face  is  less  than  the  arrival  rate  of  those  in  the  primary  electron  beam.  This 
charges  the  surface  of  the  dielectric  in  a  negative  direction,  approaching  cathode 
potential  as  a  limit.  As  long  as  the  dielectric  surface  is  maintained  at  a  potential 
higher  than  Vc,  however,  secondaries  are  emitted  at  a  higher  rate  than  the  pri¬ 
maries  arrive,  so  the  surface  charges  in  a  positive  direction.  On  this  basis,  we 
can  explain  the  various  operating  modes  cf  the  tube;  see  Figure  11-42. 

In  the  "prime”  mode  of  operation,  the  storage  screen  is  connected  to  a 
potential  of  about  20  volts,  positive  with  respect  to  cathode.  This  is  below  the  criti¬ 
cal  potential,  so  the  dielectric  surface  charges  in  the  negative  direction  until  it 
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Figure  11-41.  Typical  Secondary  Emission  Curve 


reaches  zero  volts,  i.e..  cathode  potential.  A  relatively  large  beam  current  (50 p-m 
is  used  to  minimize  the  time  required  to  reach  equilibrium.  Note  that  the  dielectric 
surface  is  now  20  volts  negative  with  respect  to  the  storage  'creen  mesh. 
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Figure  n-42.  Storage  Tube  Operating  Modes 


Switching  the  storage  screen  mesh  potential  to  +300  volts  with  respect  to 
cathode  places  the  tube  in  the  "write”  mode.  The  dielectric  surface  is  now  at  +280 
volts  with  respect  to  cathode,  which  is  near  the  maximum  of  the  secondary  emis¬ 
sion  curve.  The  electron  gun  bias  Is  switched  nearly  to  cutoff  and  the  video  input 
signal  is  adjusted  to  provide  an  average  current  of  a  few  microamperes  in  the  writ¬ 
ing  beam.  The  surface  of  the  dielectric  is  charged  in  the  positive  direction,  more 
or  less,  depending  upon  the  video  signal  amplitude .  The  maximum  highlight  areas 
correspond  to  about  a  five- volt  increase  in  storage  surface  potential.  After  writing, 
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then,  the  highlight  areas  of  the  surface  are  at  a  maximum  of  +285  volts  while  the 
black  areas  remain  at  +280  volts . 

To  read  out  the  stored  information,  the  storage  screen  mesh  potential  is 
dropped  to  about  15  volts.  This  puts  the  maximum  highlight  areas  at  zero  volts 
and  the  black  areas  at  -5  volts .  The  apertures  in  the  storage  screen  mesh  now 
serve  to  modulate  the  readout  beam  (about  10  M a)  as  it  swept  by;  that  is,  in  regions 
of  zero  storage  surface  potential,  maximum  beam  current  passes  through  to  the 
collector  while  beam  current  is  cut  off  in  regions  of -5  volt  po.f  ntial.  It  is  seen 
then  that  video  output  signal  current  is  produced  in  the  collector  circuit;  maximum 
current  corresponding  to  white,  zero  current  to  black 

Of  course,  in  order  for  the  operation  to  take  place  as  just  described,  there 
must  always  be  maintained  on  the  beam  side  of  the  storage  screen  an  accelerating 
field  for  the  emitted  secondary  electrons,  so  that  they  will  be  drawn  away  from  the 
storage  surface.  If,  as  shown  in  Figure  1,  no  other  electrode  is  present  between 
the  electron  gun  and  the  storage  screen,  such  an  accelerating  field  would  be  pro¬ 
vided  by  the  electron  gun  anode  which  operates  at  +3500  V.  The  QK-685,  however, 
is  px*ovided  with  an  electrostatic  lens  system  following  deflection  and  preceding  the 
storage  screen.  (See  Figure  11-43  for  detail  drawing).  The  purpose  of  this  system, 
consisting  of  two  cylindrical  Aquadag  bands  (LI  &  X,2)  inside  the  large  diameter 
portion  of  the  glass  tube  envelope  and  a  mesh  electrode  (decelerator)  preceding  the 
storage  screen,  is  to  bend  the  electron  paths  subsequent  to  deflection  so  they  are 
normal  to  the  storage  screen.  This  results  in  more  uniform  storage  screen  opera¬ 
tion  at  the  expense  of  some  deflection-defocusing  of  the  beam.  The  decelerator 
electrode  is  normally  operated  at  +760  V.  Since  this  is  higher  than  the  storage 
screen  potential  during  prime,  write  or  read,  the  necessary  secondary  electron 
accelerating  field  is  always  present  during  these  modes. 
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The  inclusion  of  the  decelerator  electrode,  in  addition,  makes  possible  a 
fourth  operating  mode  (called  the  '’erase"  mode)  following  the  read  mode  and  pre¬ 
ceding  prime.  In  this  case,  the  storage  screen  mesh  is  connected  to  the  decelerator 
potential  and  beam  current  is  the  same  as  for  the  prime  mode.  Since  the  primary 
electron  energy  (+760V)  is  still  above  critical  potential,  all  areas  of  the  dielectric 
surface  are  rapidly  brought  to  equilibrium  with  the  decelerator  and  the  storage 
screen  mesh;  that  is,  the  storage  screen  surface  potential  is  brought  to  zero  with 
respect  to  the  mesh.  Complete  and  rapid  erasure  is  thus  attained,  and  the  time 
required  to  reprime  the  storage  surface  is  minimized . 

One  operating  parameter  that  is  very  important  when  evaluating  storage 
tubes  is  the  time  required  for  erasing  and  priming.  For  instance,  the  minimum 
time  between  the  last  non-destructive  electronic  readout  of  the  stored  image  "a" 
and  die  start  of  writing  image  "b"  is  approximately  one  second  for  the  QK-685. 

One  use  of  the  storage  tube,  other  than  time  storage  of  an  image  for  sepa¬ 
ration  due  to  relative  movement  of  target  and  star  background.,  is  image  integration 
of  a  number  of  scans  to  give  a  signal  to  noise  ratio  improvement.  This  integration 
can  be  accomplished  with  either  analog  (gray  scale)  or  digital  (on-off)  video,  writing- 
on  a  number  of  scans,  before  reading-off  the  integrated  sum  of  scans.  It  is  neces¬ 
sary  to  make  sure  that  the  dynamic  range  of  the  storage  screen  mesh  is  not  exceeded; 
if  the  maximum  highlight  "white"  area  of  the  screen  is  limited  to  plus  5  volts  in  re¬ 
spect  to  the  "black"  screen  charge,  and  5  scans  are  to  be  integrated,  then  the  aver¬ 
age  cathode  current  and  PGI  modulating  voltage  have  to  be  limited  so  no  area  of  the 
screen  is  charged  positive  more  than  1  volt  per  scan.  This  limiting  is  more  easily 
accomplished  with  digital  on-off  video. 

b.  Astronomical  Film 

The  following  discussion  of  astronomical  film  is  brief;  for  a  more  detailed 
discussion  Kodak  has  a  handbook  P-9  "  Kodak  Plates  And  Films  For  Science  And 

Industry" 

For  celestial  work.  Astronomical  Plate  Film  Type  103a-  (  )  is  used  al¬ 
most  exclusively.  It  is  relatively  slow  (faster  than  Type  103)  but  offers  good 
"reciprocity'’;  that  is,  a  linear  trade  of  exposure  (intensity)  for  time  and  vice  versa 
la  possible  over  a  wide  range . 

A  summary  of  the  ehaieshlfiaUca  of  Astronomical  Film  and  other  photo- 
grqMPfonstants  follow: 

|  W>ll  AflM’BMnfcal  Film  103a-(  )  la  available  in  the  following: 


H3a-0  2800  to  5000 A; 
103a- J  2500  to  SSOoX; 

l08e>O  2900  to  MMl; 


>pic  Sensitizing  Classes 

Especially  Valuable  and  from  2500  to  460oX 
nearly  flat 

Especially  Valuable  and  from  4500  to  550oX 
nearly  flat 

Especially  Valuable  and  from  4800  to  8?0oA 
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103a-D  2500  to  6500A;  Especially  Valuable  and  from  4500  to  6200A 

nearly  flat 

103a- E  2500  to  6900A;  Especially  Valuable  and  from  5500  to  6500.?. 

nearly  flat 

103a-F  2500  to  6900X;  Especially  Valuable  and  from  4500  to  680oX 

nearly  flat 

103a~U  2500  to  5000  &  6500-7600A;  Especially  Valuable  and  from  6700  to  7400A 

nearly  flat 

Further  data  Type  103a-O  (fast  Blue  Sensitive  Plates) 

Illumination  flux  per  unit  photographic  density  at  4300.X  Radiation  for  1  sec 
exposure  =  2/10  ergs/cm2,  flux  in  ergs/cm2,  for  other  wavelengths  (X): 

X  in  X  3000  3500  4000  4500  5000  5500  6000  6500  7000 

103a-O 

Plates  .  2ergs/cnri  .15  .18  .2  .6  60 

Pan  Chromatic 

Plates  .4  .2  .3  .4  1.0  5  8  8  50 

Photon  flux  per  unit  density-Blue  Sensitive  plates,  and  4300A  Radiation  =  4  x  1010 
photons/cm2 

•4  2 

Mass  of  silver  deposited  for  unit  photographic  density  P  =  1 . 1  X  10  g/cm 

Photographic  Grains:  diameter  =  1  x  io-4  cm 

area  =  10~8  cm2 

mass  =  4  x  10~13g 

8  2 

Number  of  grains  for  unit  photographic  denaity  =  2X10  grains/cm 
Photographic  Resolution  in  resolvable  lines/ mm 

Fast  emulsion  ■  65  lines/mm  (Tri-X) 

Process  emulsions  *  100  lines/mm  (micro-film) 

Special  very  slow  emulsions  =  500  llnes/mm 

Density  of  star  image  -  1  hour  exposure  on  103a*O  (fast  Blue  Plate) 

log  D  *  2  log  d-2  log  w  -  0.4  mpg  -  0.7,  where, 

d  =  telescope  objective  dia  .  (inches) 
w  *  image  dia  (cm)  on  plate 

D  *  photographic  denaity  (assumed  <1) 


Energy  depth  of  Electron  traps  for  latent  image 


E  =0.77  electron  volts 

Atmospheric  Absorption- 

Absorption  at  visual  response  for  a  fairly  clear  atmosphere  = 

0.21  mag/air  mass 

Absorption  at  photographic  (103a-O)  response  for  a  fairly  clear  atmosphere  = 

0.44  m^f/air  mass 

Absorption  for  S-20  photocathode  response  for  a  fairly  clear  atmosphere  = 

0. 15  to  .017  mag/air  mass  for  low  temp  targets. 

The  atmospheric  transmission  for  S-20  for  sun  temperature  targets  is  75% 
or  0.32  mag/air  mass. 

Faster  films  give  poorer  resolution  (grain  size),  poorer  grey  scale,  and 
early  reciprocity  failure,  and  therefore  are  not  suited  to  accurate  calibration  and 
measurement  work. 

It  should  always  be  remembered,  however,  th  ,t  good  film  can  never  improve 
performance  that  is  limited  by  the  optics  involved  though  pretty  pictures  will  be  ob¬ 
tained.  Thus,  the  diffraction  limit,  circle  of  confusion,  aberrations  and  color  cor¬ 
rection  errors  in  the  optics  coupled  with  the  existing  atmospheric  conditions  are 
usually  the  limits  of  performance,  and  the  pretty  pictures  may  not  be  as  good  as 
short  exposures  with  noisy  electronic  scanning  (line'  readout. 

c.  Electronic  Recording  on  Plastic  Tape 

Recording  units  are  available  or  are  being  developed  using  plastic  tape . 

These  tapes  can  be  grouped  by  the  sensitive  surface  "film"used  to  write  on  tho 
information: 

a)  Magnetic  film  with  magnetic  write  and  magnetic  read-off. 

b)  Thermoplastic  film  with  modulated  electron  scan  beam  write,  and 
optic  read-off  either  as  a  visual  image  or  a  flying  spot  electronic 
output. 

e)  Photographic  film  surface  exposed  by  a  modulated  electron  scan  beam 
or  a  Cathode  Ray  Tube  image  (Kinescope),  and  optic  read-off  either 
as  a  visual  image  or  a  flying  spot  electronic  output. 

Each  of  these  recording  units  is  a  complex  device  with  advantages  and  dis¬ 
advantages  of  operation,  bandwidth,  cost,  processing  time,  playback  registration, 
and  linearity,  etc .  Recording  is  a  separata  study  area,  with  many  books  and  arti¬ 
cles  available. 

D.  LINEARITY  AND  REGISTRATION 


The  separation  of  target  from  background  due  to  relative  movement  require 
both  the  storage  of  images  for  some  time  period,  and  the  ability  to  register  the 
present  image  element  by  element  with  the  stored  past  image.  The  separation  of 
target  from  background  due  to  relative  position  (stereo)  requires  the  ability  to 
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register  the  station  A  image  element  by  element  with  the  station  B  image.  So  lin¬ 
earity  and  registration  of  image  orthicons  and  storage  tubes  are  important  considera¬ 
tions,  when  evaluating  the  separation  performance  of  hypothetical  systems. 

1 .  IMAGE  ORTHICON 

When  comparing  the  images  from  two  image  orthicons,  the  registration  problem 
is  one  of  matching  linearities  of  the  video  time  versus  image  position.  It  is  assumed 
that  synchronizing  and  image  transfer  problems  give  no  error  and  there  are  no  lens 
linearity  problems,  when  evaluating  image  orthicon  linearity.  There  are  time  invari¬ 
ant  linearity  problems  which  will  be  called  linearity  problems;  there  are  also  slowly 
time  varying  changes  of  overall  size  and  linearity  which  will  be  called  stability  prob¬ 
lems  . 

Most  of  the  development  effort  for  image  orthicon  multiple  tube  "registration" 
has  been  in  the  area  of  studio  color  TV  pickup  cameras.  These  color  TV  cameras 
use  three  orthicons,  and  the  present  "one  location"  3  orthicon  registration  preci¬ 
sion  should  he  obtainable  with  a  2  locations,  2  orthicon  system .  With  the  standard 
3  high  4  wide  aspect  ratio:  within  a  center  diameter  8/9  of  the  total  height,  the 
registration  precision  can  be  held  to  1  part  in  2400  or  0.042%  of  the  vertical  height; 
outside  the  8/9  of  total  height  diameter,  the  registration  precision  decreases  to  1 
part  in  500  or  0.2%  of  the  vertical  height. 

Improvements  in  registration  performance  are  continuously  being  made.  At 
present,  it  is  felt  that  the  most  serious  problem  is  the  mechanical  tolerances  of 
the  image  orthicons.  Another  cause  of  misregistration  now  being  studied  is  caused 
by  the  target  charge  bending  the  beam .  Since  the  beam  velocity  near  the  target  is 
almost  zero,  it  can  be  deflected  by  the  charge  on  the  target  (non-uniformly  from 
tube  to  tube).  This  phenomena  is  not  fully  understood. 

The  linearity  problems  of  the  image  orthicon  include  the  transfer  of  a  visual 
photocathode  image  to  target  charge  pattern  (Image  Linearity),  and  time  versus 
target  position  of  scanning  beam  (Scan  Linearity). 

Image  linearity  is  primarily  a  function  of  the  amplitude  and  end  field  direction 
of  the  solenoid  magnetic  field  used  for  beam  focus,  and  the  electrostatic  lens  used 
to  accelerate  and  focus  photoelectrons  on  the  target  "film”.  The  major  effect  of  the 
magnetic  field  on  image  focus  is  a  DC  size  bias,  or  change  of  the  average  photo¬ 
cathode  to  target  size  decrease.  The  major  non-linearity  of  the  image  electrostatic 
lens  is  S-shape  geometric  distortion  The  G6/PC  (grid  six/ photocathode)  voltage 
ratio  for  minimum  S-distortion  is  a  junction  of  the  magnetic  focus  field  shaping  in 
the  image  section.  This  ratio  Ecg/Epc  f°r  minimum  distortion  is  approximately 
0.8,  with  the  normal  focus  magnetic  field  strength  at  photocathode  divided  by  field 
strength  at  target  ratio  of  0.5.  A  ) %  variation  of  PG6/Epc  results  in  an  S  distor¬ 
tion  peak  to  peak  of  0.5%  of  the  picture  height.  See  Figure  n-44.  An  excellent 
description  of  aperture  response  losses  due  to  loss  of  focus,  and  registration  lin¬ 
earity  problems,  as  a  function  of  current  and  voltage  regulation  is  found  in  an  arti¬ 
cle  by  K.  Sadashige  in  the  June  1962  issue  of  the  Journal  of  the  SMPTE,  "Stability 
Criteria  for  Television  Camera  Tubes". 

The  scan  linearity  of  an  image  orthicon  is  effected  by  the  magnetic  field  versus 
time  relation  of  scan,  beam  bending  due  to  target  charge,  beam  bending  due  to  met¬ 
al  target  mounting  ring,  and  flatface  distortion  which  results  in  pincushioning  if  the 
magnetic  scan  field  is  a  linear  ramp  function . 
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Figure  11-44.  S  -Shape  Geometric  Distortion 


For  all  of  the  above  effects,  the  important  consideration  for  target  separation 
is  not  the  total  deviation  from  true  time-space  linearity,  but  the  lack  of  uniformity 
between  two  individual  image  orthicons,  or  the  misregistration.  The  registration 
precision  of  color  TV  cameras  has  already  been  reported . 

When  using  the  time  of  target  video  during  sweep  to  get  target  position  in  the 
field  of  optical  view,  the  time-space  linearity  does  limit  the  accuracy  of  target  lo¬ 
cation.  Thus  linearity  of  sweep  time  versus  photocathode  image  location  does  limit 
orbital  prediction  accuracy,  if  the  special  coordinates  are  determined  by  measuring 
target  video  time  in  respect  to  sweep  time.  The  target  mounting  ring  assembly  is 
made  of  magnetic  material,  which  distorts  the  focus  and  sweep  magnetic  fields. 

So  for  better  time-space  linearity  it  is  desirable  to  limit  scan  sweep  size,  so  the 
beam  comes  no  closer  to  the  target  ring  than  10%  of  the  target  diameter  at  the  cor¬ 
ners  of  the  scan. 

2 .  STORAGE  TUBES 

When  using  a  storage  tube  as  an  MTI  unit,  the  registration  problem  is  one  of 
matching  the  stored  image  element  by  element  with  the  present  image.  Assuming 
no  image  orthicon  time  stability  problems,  registration  is  then  a  question  of  write- 
on  to  read-off  registration  of  the  storage  tube .  Will  the  write-on  scan  trace  the 
same  path  across  the  storage  mesh  as  the  read -off  scan?  With  a  single  gun  stor¬ 
age  tube  using  a  continuous  magnetic  sweep,  the  linearity  problems  of  both  image 
orthicon  and  storage  tube  sweeps  should  be  cancelled . 

Development  work  with  one  single  gun  storage  tube  has  shown  there  is  a  regis¬ 
tration  problem  between  write-on  and  read-off  scans .  It  is  a  repeatable  misregis¬ 
tration,  as  the  following  explanation  will  show,  and  It  can  be  cancelled  by  program¬ 
ming  DC  bias  corrections  in  the  scan  systems,  during  the  readout  scan . 

The  electron  optical  system  of  QK-685  Incorporates  an  electrostatic  collimating 
lens  system  following  deflection  and  preceding  the  image  storage  section  of  the  tube . 
The  collimating  lena  system  consists  of  the  decelerator  electrode  and  two  cylindri¬ 
cal  aquadag  bands  (LI  &  L2)  coated  inside  the  large  diameter  portion  of  the  glass 
envelope.  The  collimating  lens  system  functions  in  conjunction  with  the  high-voltage 
accelerating  anode  to  maintain  beam  focus  as  the  beam  is  decelerated  from  the  3500 
V  anode  potential,  while  also  causing  the  deflected  beam  to  be  bent  such  that  the 
electrons  approach  the  storage  screen  at  (ideally)  normal  incidence .  Since  the 
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storage  screen  is  effectively  shielded  from  the  collimating  lens  region  of  the  tube, 
switching  of  storage  screen  potential  between  the  various  storage  cycle  anodes  does 
not  affect  focus,  deflection  sensitivity  or  linearity.  However,  if  the  electron  paths, 
as  they  enter  the  region  between  the  decelerator  and  the  storage  screen  are  not 
exactly  aligned  with  the  electric  field  in  this  region  (i.e. ,  perpendicular  to  storage 
screen)  there  will  be  a  lateral  displacement  of  the  electron  paths  which  is  propor¬ 
tional  to  the  potential  difference  between  the  storage  screen  and  the  decelerator 
This  lateral  shift  is  analogous  to  that  experienced  by  a  light  beam  obliquely  incident 
upon  a  plane  parallel  surfaced  glass  plate .  Since  the  potential  between  the  storage 
screen  and  the  decelerator  is  shifted  from  -460  volts  during  write  to  -740  volts  for 
the  readout  mode,  it  can  be  seen  that  the  amount  of  lateral  shift  of  the  raster  can 
indeed  be  quite  different  for  the  two  modes .  Of  course,  if  a  QK-685  tube  could  be 
assembled  with  perfect  alignment,  especially  as  regards  the  storage  screen  and 
decelerator  being  exactly  perpendicular  to  the  electron  optical  axis  of  the  tube,  no 
misregistration  would  occur.  Raytheon  now  places  a  specification  of  1%  on  the 
maximum  allowable  misregistration  for  production  tubes.  This  would  amount  to 
about  five  scan  lines  vertically  for  a  525  lines  raster,  which  is  of  the  same  order 
of  magnitude  we  observed  with  our  particular  tube . 

So  the  main  problems  to  be  solved  when  using  a  storage  tube  as  an  MTI  system 
to  cancel  a  star  background  are: 

1.  The  problem  of  electronic  detection  with  minimum  loss. 

2.  The  non-uniform  sensitivity  of  an  image  orthieon  across  the  field  of  view. 

3.  The  number  of  storage  tubes  required:  (a)  For  short  time  (seconds)  im¬ 
age  storage,  to  separate  with  larger  relative  target  velocities .  (b)  For 
long  time  (minutes)  image  storage,  to  separate  star  backgrounds  with 
small  relative  target  velocities. 
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SECTION  III.  METHODS  TO  MEASURE  AND  EVALUATE  SEPARATION 
TECHNIQUES 

A.  FACTORS  OF  SURVEILLANCE 

This  section  outlines  me  of  the  methods  for  measurement  and  evaluation  of 
separation  techniques  to  determine  performance  capability  using  modest  equipment. 
Some  limited  test  results  are  included. 

The  major  factors  for  a  successful  surveillance  system  are:  1)  initial  detection 
capability,  2)  an  adequate  separation  technique,  and  .'!)  processing  of  target  informa¬ 
tion  and  data  for  orbital  prediction  or  other  system  requirement(s). 

The  earlier  sections  of  this  report  have  covered  the  factors  effecting  detection 
and  the  trades  open  to  the  designer  in  producing  a  candidate  system.  Since  the  cou 
ditions  of  the  celestial  background  and  the  targets  (size,  orientation  and  velocity) 
are  not  under  the  control  of  the  designer,  he  must  establish  what  these  are  (unless 
given  in  the  systems  requirement),  and  then  trade  between:  1)  lens  Diameter, 

2)  Field  of  View  and,  3)  Image  Time  for  attaining  the  required  capability'. 

Having  established  the  detection  requirement,  the  designer  is  now'  concerned 
with  which  of  the  separation  techniques  or  combination  (Hybrid  Systems) best  applies 
to  the  threat  presented  for  solution  (height  and  brightness  of  targets  to  be  separated, 
etc.).  Typical  separation  techniques  are  covered  in  Section  IV. 

The  evaluation  of  a  separation  technique  is  based  on  its  ability  to  cancel  stars 
for  the  range  of  intensities  involved,  and  its  retention  of  the  targets  vs  its  complexity 
and  economic  value.  How'  well  this  is  done  is  measured  in  terms  of  the  False  Alarm 
Rate  and  the  Probability  of  Target  Detection  required  by  the  specification  or  threat. 

Factors  effecting  the  False  Alarm  Rate  and  Probability'  of  Target  Detection  are: 

1)  Registration  Errors 

2)  Direct  Video  and  Stored  Video  Target  Image  Spread 

3)  Cancellation  Range  (Intensity  ratio  of  stars  that  are  cancelled) 

4)  Detection  Loss  -  number  of  targets  lost  (not  retained  for  processing),  or 
increase  of  image  time  to  assure  star  cancellation. 

5)  Complexity  of  the  Storage  Technique  or  Comparison  Technique  Used 

6)  Length  of  Delay  Time(s)  used 

7)  Use  of  processing  for  additional  target  information  and  alarm  analysis  of 
retained  signals. 

The  output  requirement  and  ultimate  purpose  is  next  approached.  In  the  case 
of  predictions,  the  compromise  of  high  volume  accurate  data  for  orbit  prediction 
versus  time  to  survey  the  sky  for  direct  surveillance  output,  versus  the  minimal 
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data  needed  for  acquisition  information  for  a  higher  accuracy  (limited  quantity  of 
tracks)  precision  track  unit  for  better  orbit  prediction  should  be  checked.  Also  an 
analysis  of  degree  of  needed  track  data  accuracy  versus  orbital  mechanics  (mathe¬ 
matical  equations,  etc.)  should  be  considered  in  the  complete  system  synthesis. 

Typical  data  requirement  for  orbital  predictions  are  briefly  covered  in  Section 
V  and  Ae  suggestions  for  future  study  outlined  in  Section  VI. 

The  remainder  of  this  section  covers  in  more  detail: 

1)  the  factors  effecting  False  Alarm  Rate,  Detection  Probability,  and  Com¬ 
plexity 

2)  measurement  and  test  programs,  using  modest  equipments 

3)  some  limited  measurements  of  various  separation  factors 

4)  hybrid  separation  system  and 

5)  the  detection  of  a  target  vs  orbit  height 

B.  EVALUATION  OF  SEPARATION  TECHNIQUES 

The  fundamental  criteria  of  a  separation  technique  are:  does  it  cancel  all  stars 
(False  Alarm  Rate),  does  it  retain  all  pertinent  targets  (Detection  Probability))  and 
does  it  do  it  economically,  that  is  within  reasonable  complexity?  In  applying  these 
criteria  to  the  possible  separation  techniques ,  the  contributing  factors  are  measured 
and  compared  against  the  results  desired.  The  principle  factors  involved  are  briefly 
outlined  here. 

1.  FALSE  ALARM  RATE  (<?  STARS  NOT  CANCELLED) 

a.  Film  Catalog  or  "Permanent  Storage"  Image  Cancellation  Techniques 

The  factors  effecting  the  ability  to  cancel  when  using  a  film  negative  at  the 
image  plane  for  direct  cancellation,  or  a  flying-spot  scan  of  film  with  video  can¬ 
cellation,  include: 

1.  the  differential  atmospheric  refraction  across  the  field  of  view,  and 
the  "D.  C."  refractive  pointing  error  as  a  function  of  the  elevation 
angle  being  viewed  (and  the  elevation  angle  when  the  film  was  origi¬ 
nally  exposed). 

2.  the  short  and  longtime  stability  of  the  film  and  film  mount  in  repeating, 
within  stringent  tolerances,  the  complete  field  Image  each  time  a  par¬ 
ticular  film  negative  is  recalled  for  use,  including  wear,  tension,  and 
temperature  effects. 

3.  the  flexibility  to  adjust,  update,  or  otherwise  account  for  moving 
celestial  objects  such  as  planets,  asteroids,  variable  stars 

4.  dirt  (or  dust)  on  the  film 

5.  maximum  density  cancellation  ratio  for  stars  (point  sources)  and 
nebulae,  etc.  (extended  sources),  (the  few  very  bright  planets  and 
stars  might  be  handled  in  the  alarm  processing) 

6.  image  spreading 
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the  problem  presented  by  differential  tube  sensitivity  across  the 
imnging  surface  (no  sensor  device  will  be  ideal). 
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b.  Delay  Interval  -  Temporary  Storage  Catalog  (M.T.I.)  Techniques 

The  factors  concerned  here  arc  mostly  short  term  changes.  That  is, 
changes  near  or  within  delay  interval  or  system  cycle  plus  those  introduced  by  the 
equipment  mounts,  or  methods  involved  such  as: 

1 .  writein  -  readout  registration  including  image  spread 

2.  integration  required  for  setting  level  of  peak  detector  to  maintain 
reasonable  false  alarm  rates  to  handle  scintillation  (background)  and 
system  noise 

3.  type  of  separation,  that  is,  by  direction  as  wrell  as  distance  of  image 
motion  (for  alarm  processing  function  if  used). 

c.  Stereo  or  Baseline  Separation  Techniques 

The  factors  here  include: 

1 .  weather  differences  at  the  two  sites 

2.  differences  in  refraction  due  to  differences  in  atmospheric  conditions 
at  the  separated  sites  as  well  as  difference  (D.C.  bias)  due  to  look 
angle  difference  wath  respect  to  horizon  for  same  star  fields  (this  can 
be  minimized  by  non-level  mounting  -  mutually  level)  and  programming 
D.C.  bias 

3.  slaving  accuracy  and  precision  as  effects  mount  registration 

1.  differences  in  tube  (Image  surface)  sensitivity  for  two  tubes  as  well  as 
individual  field  variation 

n ,  two  I.O.  registration  (sweep) 

G.  synchronization  including  storage  tube  equipment. 

Common  to  all  the  above  are  effects  of  atmospheric  dancing,  weather, 
clouds,  including  especially  wisps  of  haze,  high  cirrus  and  ice  crystal  conditions, 
meteors  and  passing  aircraft  lights. 

2.  DETECTION  LOSS  (%  TARGETS  LOSS) 

a.  Film  or  "Permanent”  Storage  Techniques 

The  factors  effecting  the  detection  loss  in  film  catalogue  techniques  are: 

1 .  fog  level  (attenuation  added  in  light  path)  or  scanning  noise  level  if 
separate  film  is  read  and  compared  at  video  if  that  version  of  "perma¬ 
nent”  storage  is  used 

2.  reduction  of  "open"  sky  area  available  due  to  image  spread  required 
for  cancellation  (see  false  alarm  discussion) 

3.  weather  (catalogue  need  not  include  fainter  stars  when  sky  is  less  clear 
or  moon  is  out,  etc.) 
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b. 


Temporary  Storage  (M.T.I.)  Techniques 


The  factors  effecting  the  detection  loss  here  are: 

1.  integration  time  to  obtain  neces.  ary  peak  detection  over  noise  back¬ 
ground  (electronic  signal  to  noise)  for  transfer  of  signal  to  storage  tube 
(use  of  Schmidt  trigger  for  digitized  video,  etc.) 

2.  loss  of  digitized  video  versus  losses  in  analog  video  cancellation 

3.  direct  video  target  spread  "open"  sky  available 

4.  total  delay  interval  cycle  time  necessary  for  motion  detection  (cycle 
time  for  repeated  sky  coverage)  (fast  moving  targets  getting  through 
undetected). 

c.  Stereo  Techniques 

The  factors  effecting  detection  loss  here  are: 

1.  site  and  weather  (primarily  cloud)  differences  at  the  separated  sites 

2.  transfer  of  information  for  all  or  partial  processing. 

3.  SYSTEM  COMPLEXITY  (ECONOMIC  FACTORS) 

The  film  catalog  systems  require  mechanical  precision  in  various  forms  in 
addition  to  the  electronic  detection  and  alarm  functions. 

The  temporary  storage  tube  technique  (M.T.I.)  minimizes  mechanical  require¬ 
ments  but  requires  unduly  large  numbers  for  higher  altitude  target  separation  due 
to  the  longer  storage  time  needed.  Thus  single  site  systems  require  more  com¬ 
plexity  in  equipment  if  the  higher  altitude  targets  are  to  be  separated.  They  are 
logistically  simpler  with  less  administration  needsd,  etc.  Due  to  weather  and  lack 
of  redundancy,  a  single  site  is  less  reliable  than  a  multiple  site  system  possessing 
single  site  processing  for  low  altitude  separation.  It  is,  of  course,  more  reliable 
than  the  multi-system  if  both  sites  must  be  functioning  for  stereo  separation  of  the 
higher  altitude  targets. 

Multiple  site  (stereo)  systems  require  mere  logistic  support  and  administration 
expense;  however,  they  offer  redundancy  if  equipped  for  single  site  low  altitude  tar¬ 
get  processing  (temporary  storage).  For  higher  altitude  target  separation,  the 
stereo  technique  should  be  less  complex  than  single  site  processing. 

C.  EQUIPMENT  ASPECTS  IN  EVALUATION  OF  SEPARATION  TECHNIQUES 

Our  primary  objective  in  measurement  and  evaluation  of  separation  techniques 
is  to  do  adequate  testing  with  modest  equipments  (small  lens  diameter  -  limited 
function  equipment)  to  provide  necessary  confidence  that  system  goals  and  require¬ 
ments  can  be  met. 
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To  meet  this  challenging  objective  the  functions  of  separation  are  evaluated  in 
various  phases,  but  in  realistic  environment.  In  accomplishing  this  measurement 
task  we  are  especially  concerned  with: 

1)  getting  the  same  number  of  stars  in  the  field  of  view  as  with  a  final  system 
(star  density) 

2)  determining  the  ratio  of  intensities  of  stars  and  targets  that  can  be  processed 
by  various  functions  of  a  system 

3)  an  integrated  image  orthicon  and  storage  tube  equipment  for  assessing  the 
functions  of  a  short  term  delay  (M.  T.  I. ) 

4)  a  suitable  presentation  method  for  evaluating  performance  -  monitor  and 
camera,  etc. 

5)  ancillary  equipment  needed  and  precautions  with  it  and  finally 

G)  site  selection  and  construction  factors. 

The  following  paragraphs  discuss  these  items  in  greater  detail  as  functional 
parts  of  equipment. 

1.  OPTICS  COLLECTOR 

Typical  satellite  surveillance  systems  will  require  25  to  36"  diameter  optics  of 
25  to  40”  focal  length  ([/no,  of  .  7  to  2.  0).  These  lead  to  fields  of  view  of  2°  to 
3-1/2°.  Such  optics  are  expensive  and  unwieldy  to  handle  in  anything  short  of  a  full 
system  setup.  To  simulate  capability  for  testing  the  separation  functions  of  a  typi¬ 
cal  system,  we  are  primarily  concerned  with: 

a.  obtaining  a  similar  detected  star  density  at  the  sensor 

b.  obtaining  images  for  relative  quality  and 

c.  maintaining  a  reasonable  field  of  -dew 

We  do  not  need  the  overall  system  aperture  or  field  of  view.  To  get  the  same 
number  of  detected  stars  in  the  field  of  view  as  a  15  to  16th  Stellar  magnitude  detec¬ 
tion  system  having  a  27"  f.  I.  optics  (2-3/4°  field  of  view),  we  merely  select  optics 
such  that  the  field  of  view  is  larger  to  make  up  for  the  lesser  detection  ability,  or 
the  detection  ability  is  greater  for  a  smaller  field  of  view. 

If  we  use  more  than  a  10°  *  10°  field  of  view,  we  will  have  too  large  a  variance 
of  star  density  in  a  single  field  of  view,  i.e. ,  we  would  cover  more  than  the  width 
of  the  Milky  Way  average  if  we  were  checking  in  it,  or  we  would  be  getting  into 
denser  areas  when  wishing  to  test  only  the  sparser  sections  of  the  sky.  Thus  we  do 
not  wish  to  use  less  than  G  in.-  (150  mm)  focal  lengths  if  using  a  3"  image  orthicon 
for  sensor. 

As  for  aperture,  this  needs  to  be  selected  as  large  as  practical  to  minimize 
integration  time  needed.  Refractive  optics  should  be  used  to  avoid  the  stray  light 
pi.mlems  inherent  in  reflective  optic  system  which  would  raise  the  background  light 
to  levels  that  would  limit  star  densities  obtainable.  Thus  a  6"  f/0.9  to  1.0  (G  to  7" 
aperture),  is  a  good  choice  and  a  G"  f/l.8  (3-1/3"  aperture)  lens  is  a  close  practical 
second  choice  (and  more  economical).  The  f/l.8  lens  require  the  integration  time 
to  be  increased  modestly  to  account  for  the  smaller  aperture. 
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Farrand  Optical  Company  offers  a  6"  f/.  87  lens  and  Astro  Berlin  offers  a  6" 
f/1.8  of  excellent  quality  at  reasonable  cost. 

To  illustrate  the  above  selection:  Refer  to  Figure  I— 11  for  star  densities  and 
Figure  11-21  for  detection  star  magnitudes  (in  POTI  report). 

We  wish  to  make  the  number  of  stars  seen  by  the  testing  system  equal  to  the 
number  seen  by  the  larger  surveillance  system  optics: 

_.  XT  ,  30"  Dia.  VT  6"  Dia. 

Thus .  NSD  for  27"  f  i  optics  *  ^SD  6"  t  j 


but  from  Figure  I- 11  at  0Q 

Nsd  27"  at  15 mag-  detection  =  1200  stars/degree2  (jijnr)2 
and  NSd  e"  =  X  <4)2 

X  =  1200  X  (■— -)2  1200  x  .  05  =  60  stars/degree2 

from  I— 11  at  0°  60  stars/degree2  =  11-3/4  mag. 

from  Figure  11-21  &  6  to  7"  dia.  lens  =  11th  mag.  at  0.2  sec  integration  (eye) 

Thus,  this  lens  will  require  0.  4  sec  integration  to  get  the  11-3/4  mag.  needed  for 
these  densities. 

From  Figure  1-11  at  #0°  and  15*1/4  mag.  Ng  =  100  stars/degree2  (^-)2 

X  -  100  x  (-yy-)2  =  5  stars/degree2 


from  1-11  at  90° 

5  star /degree2  =  11th  mag.,  thus  the  0.2  sec.  eye  observations 
is  the  only  integration  needed  for  the  sparser  sky  densities. 

If  a  6"  f.  1.  f/1.8  lens  is  used  then  an  integration  time  of  approximately  3/4  sec 
at  1-1/2  sec  respectively  will  be  needed  to  account  for  the  lens  diameter  decrease. 
mi  dia.  •-  4  to  1  integration  time  change) 


If  Olt  tried  to  use  a  12"  f/6.0  telescope  system  then 


v  12"  D  .X(K.2„  30"  D 
72"  f.l.  "  X  "NS27”f.l. 


1200  (-£-)* 


and  X  -  i200  *  1200  x  (7. 1)  *  8500  ntar/deg2 

from  I-ll  this  is  about  17-1/2  mag! 


For  12"  diameter  optics,  detection  of  12-1/2  mag  is  possible  for  .2  sec.  inte¬ 
gration,  therefore  5  mag.  additional  gain  thru  Integration  or  approximately  17  sec 
integration  time  (not  counting  aperture  loss  f’^e  to  secondary  mirror,  etc.)  is 
needed.  This  is  impractical.  Also  a  12"  f/6. 0  would  be  background  light  limited 
before  17-1/2  mag.  la  reached  for  normal  sky  backgrounds  and  normal  scanning 
(see  Figure  n-34)  even  excluding  stray  light  (see  Section  1I-A-7). 
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2„  ELECTRONICS 


The  electronics  (TV  chain)  for  evaluating  equipment  should  have  special  low- 
noise  pre -amplifiers  with  minimum  sensitivity  to  pick  up,  throughout  tne  electronics 
functions.  A  minimum  of  two  pre-amps  are  suggested;  one  having  18  to  20  Me  band¬ 
width,  the  other  a  special  4  tn  5  Me  low  noise,  high  gain  unit. 

In  addition,  approximately  1000  or  1200  line  scanning  capability  is  desirable, 
in  addition  to  usual  525  line  scanning.  This  is  especially  necessary  (1000  line  and 
20  Me)  when  using  fast  lenses  (f/no.  <2. 0)  in  Milky  Way  areas  or  when  the  early  or 
late  moon  is  in  the  sky  (full  moon  will  nearly  always  limit  performance). 

Non-interlace  scanning  format  is  preferred  though  not  absolutely  necessary. 

(one  frame,  one  field. ) 

The  electronics  should  include  provisions  for  integration  to  at  least  4  secs  with 
trigger  output  for  recording  camera  synchronization.  (Short  pulsing  as  an  added 
feature  allows  additional  capability  for  measuring  atmosphere  perturbations. ) 

3.  RECORDING  CAMERA 

A  speed  graphic  with  Polaroid  film  pack  and  sjnehronized  (BC)  shutter  is  most 
handy  (and  inexpensive)  for  day  to  day  test  analysis. 

4.  VIDEO  PROCESSING  EQUIPMENT 

If  separation  techniques  are  to  be  evaluated,  a  minimal  equipment  using  a  stor¬ 
age  tube  with  readin-readout  and  erase  electronics  plus  comparison  (cancellation) 
logic  is  suggested.  Since  video  processing  electronics  are  dependent,  on  signals 
from  the  camera  electronics,  it  is  questionable  whether  these  can  be  separated 
(purchased  separately  and  married  at  later  dates)  without  a  sacrifice  ol  performance. 
Stereo  (two  sensor)  equipment  should  be  considered. 

5.  MONITORING 

A  two  color  registered  display,  using  either  color  TV  or  2  color  registered 
black  and  white  would  provide  a  practical  monitoring  and  recording  means  for  sepa¬ 
ration  system  performance  analysis  for  detection,  registration,  motion  separation, 
and  target  spread  evaluation. 

6.  ANCILLARY  EQUIPMENT 
a.  Mount 

A  mount  with  sidereal  drive  is  needed  where  celestial  work  is  performed. 
This  can  be  attained  at  minimum  expense,  using  a  good  az,  -  el.  unit  mounted  on  a 
slow  rate  (sidereal)  turntable,  tilted  to  the  celestial  pole  elevation  (latitude  of  ob¬ 
server)  '<>  provide  right  ascension  and  declination  axis  motion,  (or  the  az.  -  el.  unit 
can  be  equipped  with  a  special  low  speed  reduction  unit  for  sidereal  drive  with  an 
overriding  feature  for  moving  quickly  to  selected  right  ascension  positions). 
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Star  catalogues  will  be  needed  to  measure  the  detection  performance:  with 
use  of  small  optics,  star  catalogues  for  calibration  will  not  need  to  go  to  the  fainter 
magnitudes  thus  less  vigorous,  less  tedious,  quicker  analysis!  (10th  mag.  is  prac¬ 
tical.) 

Astronomical  Tables  for  star  positions  -  sidereal  time,  etc. ,  will  also  be 

useful. 

c.  Time 

Means  for  receiving  WWV  or  CHU  observatory  times  signal  should  be 
provided  and  clocks  for  UT  as  well  as  local  time  are  handy. 

d.  Communications 

Intercom  to  mount,  etc. ,  is  desirable  in  addition  to  standard  phone  faciiitie 

e.  Satellite  Prediction 

If  much  satellite  observation  is  contemplated,  arrangements  for  receiving 
orbital  elements  and  computing  local  look  angles  will  be  useful  in  identifying  which 
satellite  has  been  detected.  (There  are  quite  a  few  up  there  now  so  that  cataloguing 
is  increasingly  important. ) 

7.  SITE  SELECTION  AND  CONSTRUCTION 

Site  selection,  preparation  and  construction  must  be  made  to  minimize  local 
atmospheric  conditions  and  local  thermals  as  is  practiced  for  astronomical  obser¬ 
vatories.  Particular  attention  should  be  given  the  consideration  of  convection  wall 
construction  -  insulation  -  air  flow  and  conditioning  in  and  around  dome  -  white  ex¬ 
ternal  painting  -  location  of  discharge  of  heat  exchanger,  surrounding  foliage,  etc. 

Weather  analysis  for  contemplated  location  can  be  made  in  various  ways,  re¬ 
membering  that  in  general  there  are  more  clear  hours  at  night  than  during  the  day. 
For  a  typical  analyst*  see  Appendix  A-VII. 

Facilities  needed  vary  with  intended  use  and  should  include  unless  available 
the  following: 

a.  Operations 
Office  area 
Conference  area 
Snack  area 
Recording  room 

Records  Area  (storage  and  analysis) 

it.  Shop  -  Service 
Mechanical 
Electronic 


c.  Air  Conditioning 

Equipment  requirements 
Personnel  areas 
Dome  area 

Outside  wall  convection 
Supply  (if  used) 

D.  SEPARATION  MEASUREMENTS  TO  DATE 
1.  ACHIEVABLE  EXPOSURE  DENSITY  USING  FILM  PLATE 

In  order  to  have  a  practical  film  catalog  cancellation  system  the  film  mask 
should  ideally  be  a  transparent  plate  with  opaque  spots  in  the  positions  corresponding 
to  the  stars.  The  density  of  opaqueness  will  set  the  intensity  performance  ratio  of 
the  system.  To  be  practical  for  a  surveillance  system,  this  should  be  as  high  as 
possible  (Density  6,  1,000,000:1,  or  15  Mag.  desired)  otherwise  several  film  layers 
will  need  to  be  stacked  with  ensuing  problems.  Since  published,  Kodak  data  covers 
only  to  density  3  (1000:1  intensity  -  7-1/2  Mag),  a  G.  E.  funded  program  was  initiated 
to  measure  densities  achievable. 

The  program  was  undertaken  to  determine  a  combination  of  astronomical  plate 
material  and  processing  technique  to  achieve  the  highest  possible  density  of  an  ex¬ 
posed  mega,  combined  with  the  lowest  possible  density  of  an  unexposed  area.  Since 
each  of  these  achieved  separately  are  in  opposition,  it  requires  special  processing 
techniques  to  optimize  them  both  together.  Various  special  developers  were  used 
and  special  techniques  we/e  also  used  to  reduce  unwanted  density.  The  first  part 
of  the  program  considered  area  exposures  and  is  reported  here,  the  second  part 
considers  exposures  to  point  sources  and  is  underway  at  the  G.  E.  Schenectady 
Observatory. 

The  final  results  for  exposui  <1  area  indicates  that  type  11a  astronomical  plates 
would  be  the  optimum  material  to  u  i  for  the  process,  together  writh  development 
at  68°  for  twm  minutes  in  D-8  developer  ^  which  has  been  added  a  restrainer  con¬ 
sisting  of  l,  80  grains  per  quart  of  developer  of  Benzotriazole,  (also  designated  as 
Kodak  anti-fog  #i).  Processing  is  for  2  minutes,  followed  by  a  rinse  in  running 
water  and  then  5  minute  fixation  In  a  rapid  fix. 

Tests  were  run  on  6  Astronomical  Type  Plates  along  with  Plus  X  film;  103a -O; 
103a-F;  Ila-O;  Ha-F;  IU— O;  IV-O.  Developers  tested  were  Duktol,  full  strength; 
Dektol  Diluted  1:1;  D-8;  D-9;  and  Koclalith  Developer.  Each  of  these  was  used  nor¬ 
mally  and  in  combination  with  anti-foy  #i  (Benzotriazole).  D-8  was  also  tested  with 
two  concentrations  of  Benzotriazole.  (he  accompanying  table  gives  the  maximum 
density  achieved  with  each  developer  -film  -anti-fog  combination,  and  also  the  fog 
level  with  that  combination. 

Three  emulsions  had  satisfactory  D  max  levels:  II,  III  and  IV,  but  the  higher 
speed  inherent  in  Ila  made  it  a  logical  choice  for  the  process.  The  choice  of  lla-O 
over  Ila-F  was  prompted  by  the  lower  f^g  level  of  Ila-O,  giving  a  linal  dynamic 
range  of  5.  70  or  1  to  501,200.  This  half  million  to  one  range  was  accompanied  by 
a  fog  level  of  .20  in  a  D-8  normal  process.  Addition  of  anti-fog  gave  a  .  13  fog 
level  and  a  dynamic  range  of  467,700  to  1. 
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The  second  highest  range  was  achieved  by  a  IV-O  emulsion  developed  in  D-19 
with  anti-fog  1.8  grains  Benzotriazole  per  quart  of  developer,  developed  for  5  min¬ 
utes.  A  range  of  891,300  to  1  resulted,  with  a  fog  level  of  .  05.  The  highest  range 
was  933,300  to  1  with  a  type  IV  plate,  developed  in  Kodalith  for  3  minutes  with  1.8 
grain,  Benzotriazole  added,  giving  a  fog  level  of  .  03  and  a  maximum  density  of  6.  0. 
Densitometry  of  values  over  5.  5  are  subject  to  some  evror,  since  pinholes  and 
scratches  give  lower  than  actual  readings,  as  does  stray  light.  These  figures  are, 
then,  on  the  conservative  side,  and  may  give  actual  dynamic  ranges  up  to  20%  higher 
than  read. 

Since  adequate  results  were  achieved  directly  with  controlled  development  it 
was  not  necessary  to  investigate  the  results  of  intensification;  reduction;  or  second 
generation  duplication  on  extreme  contract  materials  such  as  Kodalith. 

Exposures  were  made  in  an  intensity  scale  sensitometer  using  neutral 
density  filters  to  reduce  the  exposure  level  to  l/2,  1/10,  1/100,  1/10Q0  and  1/10,000 
of  the  original  level.  The  initial  illumination  level,  measured  with  a  Spectra  photo¬ 
meter  was  7.  0  foot  candles,  consisting  of  a  #212  enlarging  lamp  without  reflector 
at  48-1/2  inches  from  the  sample.  Exposure  time  was  15  seconds  giving  a  basic 
exposure  of  105  foot  candle  seconds.  Elimination  of  the  stray  light  problem  was 
done  by  measuring  the  fog  love?  on  ui  unexposed  plate  processed  along  with  the 
exposed  plates. 

2.  TEMPORARY  CATALOG  SEPARATION  -  STORAGE  TUBE  M.  T.  I.  (see  also 

Section  IV-D) 

For  the  past  two  years  an  internal  G.  E.  program  has  been  conducted  in  the  use 
of  storage  tube  M.  T.  I.  with  I.O.  camera  equipment  for  star  cancellation.  The 
results  of  the  program  emphasize  the  importance  of  operational  experience  with 
this  type  of  equipment  and  necessity  of  carefully  designing  all  electronic  functions 
to  be  compatible.  (A  well  integrated  equipment,  no  compromise  adaptions. ) 

To  minimize  detection  loss  and  false  alarm  rate  we  need  to  have: 

a.  A  specially  designed  Schmidt  trigger  plus  quantized  video,  so  that  the  trig¬ 
ger  can  be  set  to  operate  near  noise  level  and  yet  obtain  a  sufficiently  small 
False  Alarm  Rate  by  integrating  3  or  4  units  on  the  storage  tube. 

b.  The  Schmidt  trigger  designed  to  balance  an  optimum  bandwidth  that  has 
determined  from  analysis  of  what  frequency  response  is  needed  to  get  the 
best  electronic  signal  to  noise.  (The  full  video  bandwidth,  as  set  by  the 
scanning  pattern  parameters,  is  not  the  optimum  for  electronic  signal  to 
noise  detection  where  the  image  is  spread  over  several  resolution  elements. 
A  spread  of  several  resolution  elements  is  normal  for  the  faintest  stars 

or  targets  that  we  can  expect  to  process. ) 

c.  Excellent  linearity  and  position  for  write  in  and  readout  of  the  storage  tube. 

The  poor  results  in  False  Alarm  Rate  (leading  to  need  for  integration  of  many 
frames  before  writem  to  reduce  False  Alarm  Rate  to  acceptable  values)  were  traced 
to  non-linearity  in  the  vertical  sweep  circuits  used  to  drive  the  storage  tube.  The 
non-linearity  resulted  in  excessive  line  spacing  at  top  of  tube  such  that  the  space 
exceeded  the  line  width  thus  if  readout  differed  by  l/2  line  the  information  could  be 
absent. 
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Very  limited  tests  were  made  using  analog  video  bin  here  the  uniform Vy  a^d 
circuit  control  of  the  storage  tube  is  very  critical  leading  us  to  the  digital  or  quan¬ 
tized  writein. 


E.  HYBRID  SYSTEM 

A  hybrid  separation  system  using  both  stereo  for  high  altitude  target  separation, 
and  temporary  storage  (storage  tube  MTI)  for  low  altitude  target  separation  has  been 
investigated.  The  low  altitude  MTI  separation  would  use  one  short  term  storage, 
and  the  stereo  separation  would  find  the  targets  in  altitudes  from  the  maximum  MTI 
altitude  to  the  maximum  stereo  altitude. 

To  review  the  individual  separation  system  problems:  Temporary  storage  sepa¬ 
ration  with  one  finite  delay  time  has  a  maximum  target  altitude  (higher  altitude  tar¬ 
gets  have  a  lower  relative  angular  velocity)  that  will  allow  separation.  At  greater 
target  altitudes  the  relative  movement  of  the  target  is  not  great  enough  and  the  tar¬ 
get  is  cancelled  along  with  the  stars. 

Stereo  separation  has  a  maximum  target  altitude  for  any  given  dual  site  spacing 
that  will  not  cancel  the  target.  At  this  maximum  target  altitude  the  stereo  angular 
target  separation  will  approximately  equal  the  expected  dual  image  registration 
error.  The  minimum  target  altitude  for  a  stereo  system  can  be  set  at  the  point 
where  the  angular  separation  is  greater  than  half  of  the  view  field,  or  at  a  lower 
target  altitude  where  the  target  can  be  "underneath"  the  combined  view  field  volume. 

To  define  a  hybrid  system  for  separation  these  variables  have  to  be  determined: 

1)  Dual  Site  Spacing  Distance 

2)  Temporary  Storage  Time 

3)  Image  Time  (Integration  Time) 

To  solve  for  these  separation  variables  decisions  are  made  on  the  basi3  of  the 
following  relationships: 

1)  Star  magnitude  detection  sensitivity,  with  lens  diameter  and  image  time. 

2)  Variation  of  target  orbital  relative  velocity  with  target  altitude. 

3)  Stereo  site  spacing  versus  stereo  angular  target  separation  versus  target 
altitude  versus  target  elevation  angle. 

Table  IIl'-l  shows  the  lens  iameter  and  image  time  required  for  a  specific  star 
magnitude  detection  capability.  Figure  111-1  shows  the  target  relative  angular  velo¬ 
city’  as  a  function  of  target  altitude,  for  a  90°  elevation  overhead  view  of  a  circular 
orbit.  Figure  ni-2  shows  the  minimum  image  parallax  (stereo  angular  target  sepa¬ 
ration)  as  a  function  of  target  altitude,  for  the  minimum  system  elevation  angle  of 
20°.  The  minimum  parallax  is  approximately  1/3  the  maximum  parallax  (sin  20°/ 
sin  90°). 
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TABLE  III-l 


DETECTION 

LENS  DIAMETER 

IMAGE  TIME 

MAGNITUDE 

S20  IO 

APPROXIMATE 

16 

47  Inch 

0, 2  second 

25  Inch 

0. 8  second 

14 

23.  6  Inch 

0. 2  second 

12  Inch 

0. 8  second 

12 

10  Inch 

0. 2  second 

3.  94  Inch 

0. 8  second 

A  sample  calculation  of  hybrid  system  variables  will  now  be  made.  Assume: 

1)  12  magnitude  detection  using  12  inch  diameter  lens  and  0.  2  second  image 
time. 

2)  MTl  minimum  separation  for  target  detection  is  25  sec. 

3)  Stereo  minimum  separation  for  target  detection  is  50  sec. 

Now  make  an  arbitrary  2  second  storage  time  for  temporary  catalog. 

A.  From  Figure  III-l  and  assumption  2  the  minimum 

JL  z  12.  5  for  25  sec 
t  sec 

separation  in  2  seconds  gives  a  maximum  target  altitude  of  20,000  nautical 
miles. 

Now  make  an  arbitrary  site  spacing  distance  of  50  n.  miles. 

B.  From  Figure  M-2  the  maximum  target  altitude  that  can  be  separated  at  20° 
elevation  angle  is  70,000  miles,  and  the  90°  elevation  angle  maximum  tar¬ 
get  altitude  is  200,000  nautical  miles. 

The  hybrid  system  of  stereo  MTI  separation  might  have  advantages  of  both  units, 
and  avoid  some  of  the  disadvantages.  MTI  should  work  well  for  low  altitude  targets 
(at  both  sites  if  desired),  and  stereo  should  be  able  to  detect  high  altitude  targets  so 
that  long  time  storage  and  many  storage  tubes  will  not  be  required.  And  MTI  should 
allow  partial  operation  when  variable  weather  makes  stereo  operation  difficult. 

F.  DETECTION  OF  GIVEN  TARGET  AS  FUNCTION  OF  ORBIT  HEIGHT 

It  is  possible  to  calculate  the  range  of  missile  sizes,  reflectances,  and  orbit 
heights  that  are  equivalent  to  a  given  star  magnitude.  Then  by  including  the  circular 
orbit  relative  angular  velocity  it  is  possible  to  evaluate  the  relative  detection  re¬ 
quirement. 

As  an  example,  assume  two  orbiting  targets  have  the  same  star  magnitude,  but 
one  has  a  larger  radius  and/or. reflection,  and  is  at  a  greater  altitude.  Although 
both  targets  have  the  same  magnitude,  the  greater  altitude  target  would  be  easier 
to  detect  because  its  relative  movement  during  the  image  time  would  be  smaller. 

With  a  smaller  relative  movement,  the  energy  per  resolution  element  during  the 
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image  time  would  be  greater,  and  Inis  is  a  major  detection  criteria.  If  a  more  in¬ 
tense  (smaller  magnitude)  target  moves  100  resolution  elements  during  the  im?rre 
time,  it  has  to  have  at  least  100  times  the  intensity  of  a  "stationary"  target  to  have 
the  same  detection  probability  as  the  stationary  target. 

The  following  brief  analysis  will  show  the  relafion  between  intensity,  relative 
angular  velocity,  image  time,  and  intensity  per  resolution  element  per  picture. 

Intensity  I  a— — )  z  JlL 


meter- 


Detection  Criteria  (- 


, _ watt  .  seeonds _ 

meter2  .  Resol.  Element 


HpCTppc  Fvl 

Relative  Angular  Velocity  w  ( — =£ - —  )  (-,---7-- )  A, 

n  1  second  '  kq+h  '  ' 


A” 

sec*  >nd 


Degrees 
Resol  Elem 


Field  of  View 
TV  Scan  Lines 

2  or  3 


If  the  relative  movement  during  one  image  time  is  less  than  one  resolution  ele¬ 
ment,  then  the  energy  per  resolution  element  is  the  total  energy. 

Dc  =  I  x  t  (image)  (1 

No  image  Movement 

If  the  relative  movement  during  one  image  time  is  more  than  one  resolution 
element,  then  the  energy  per  resolution  element  is  independent  of  the  image  time. 

D  ,  « _ I  >  =  _L.  X  OpF  rJ) 

c  Resolution  Elements  w 

Image 


Resol  Elements  _  w  >  t (image) 
Image  Time 


.  Degrees  Per  Image  Time  s 
Degrees  Per  Resol  Elem  ' 


Another  way  of  writing  the  "no  image  movement"  detection  criteria  when  the 
relative  movement  is  less  than  one  resolution  element  is: 


(%  of 


one  Resolution  Element 
Image  Time 


)  (3) 


No  Image  Movement 


Figure  III -4  shows  a  plot  of  target  size,  reflectivity,  and  height  that  result  in 
a  constant  star  magnitude.  As  an  example,  the  minimum  target  radius  hat  can  be 
detected  with  a  Kl  magnitude  sensitivity,  at  a  height  of  n  miles,  is  approxi¬ 

mately  5.3  meters. 

By  combining  the  data  of  Figure  IH-4  (star  magnitude  I,  apparent  size  /r  a, 
and  height  h)  with  the  relative  angul.ni  velocity  w  oi  Figure  III- 1 ,  nd  the  visual 
star  magnitude  to  visual  photons  per  cm  squar  ’  second  of  Figure  III-"),  a  is  pos¬ 
sible  to  plot  the  detection  criteria  in  terms  ol  photons  per  meter  squared  degree  in 

Figure  ill-6. 
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Figure  HI— 3 .  Tar  irallax 
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Figure  TIT-3.  Tar 
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IMAGE  MOVES,  MORE  THAN  ONE 


Figure  ni-fl.  Detector  Irradiance  ve  Target  Variables 


Figure  III -6  gives  the  detector  irradiance  in  photons  per  meter  squared  degree, 
for  several  apparent  size  targets,  as  a  function  of  orbit  height  h.  Figure  III-6  shows 
that  for  any  apparent  size,  detection  is  more  easily  accomplished  at  lower  altitude, 
since  intensity  increases  faster  than  the  relative  angular  velc  '  .y  increase,  as  the 
orbit  height  is  decreased. 


Figure  III-G  shows  that  an  analysis  of  the  threat  could  be  used  to  determine  both 
the  detection  and  separation  requirements  of  a  system.  The  threat  can  be  expressed 
in  terms  of  apparent  target  size  vrr  a,  and  orbital  height  h.  And  both  the  detection 
requirement  and  the  separation  requirement  can  also  be  evaluated  in  terms  of  ap¬ 
parent  target  size  and  target  orbital  height. 

To  use  Figure  111 -G  the  number  of  photons  required  for  detection,  and  the  degrees 
per  resolution  element  must  be  known.  A  good  number  for  detection  photons  is  1000, 
when  an  S20  is  used.  A  square  3  degree  field  of  view  using  a  1000  scanning  lines 
results  in  3/500  degrees  per  resolution  element.  The  data  of  Figure  III-G  says  that 
for  an  apparent  size  of  0.  1  meter  radius,  with  an  orbit  height  of  10,000  n.  miles, 
the  detector  irradiation  is  approximately  10-  photon/c-m-  degree. 


photons  =  02  Photon  3  degrees 

Res  Elem  cm2  degree  '  300  Res  Elem 

Res  Elem  -  .G  >  10"2  degrees:  w  1.  1  x  10~2  dc-Sr-e-?s 


X(cm“  lens) 


Solving  for  the  required  lens  area  in  cm  squared: 


1000  500  5000 

100  3  3 


D[/cm)2 


4  x  5000 
3rr 


2120  =  21.  2  X  102 


Dp(cm)  -  4.G  x  io1  -  4G  cm  =  18  inches 


To  check  this  result,  a  10,000  n.milc  altitude  target  with  an  apparent  size  of 
0.  1  meters  radius  would  have  a  magnitude  of  (9.75  x  5)  or  14.75  magnitude.  This 
would  require  an  80  cm  diameter  lens  to  detect  the  object  in  0.2  seconds,  or  5!  cm 
diameter  lens  to  detect  the  object  in  0.5  seconds,  where  0.5  seconds  is  the  invige 
time  that  would  give  an  image  movement  equal  to  one  resolution  clement.  So  the 
resultant  4G  cm  required  diameter  lens  is  in  the  right  ball  park,  for  any  image  time 
equal  or  greater  than  0.5  seconds. 
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SECTION  IV.  SYSTEM  SELECTION  CRITERIA  AND  TRADES 


(Effects  of  environment,  atmospheric,  target  factors,  equipment  tolerances, 
and  separation  techniques  on  system  selection). 

In  Sections  I  and  II  the  characteristics  of  the  celestial  environment,  atmospheric 
perturbations,  target  factors,  detection  and  equipment  parameters  and  separation 
techniques  have  been  discussed  in  detail.  In  this  section  criteria  for  accomplishing 
system  synthesis  and  tradeoffs  to  minimize  limiting  effects  are  discussed. 

To  facilitate  the  discussion,  a  sample  system  of  each  category  is  postulated 
and  analyzed  in  those  areas  where  special  considerations  seem  in  order.  No  at¬ 
tempt  is  made  here  to  select  the  best  system  for  a  particular  task  but  rather  the 
d  scussions  are  organized  to  illustrate  the  trades  and  typical  factors  involved. 

Since  System  Detection  and  Atmospheric  Effects  are  common  to  all  systems  these 
are  discussed  first. 

A.  DETECTION  AREA  LQ33E8 

1.  INTRODUCTION 

There  are  many  factors  that  influence  the  probability  of  detecting  a  space  ve¬ 
hicle  with  an  imaging  optical  sensor.  This  discussion,  however,  will  consider  only 
those  factors  that  are  also  connected  with  th?  problem  of  separating  space  vehicles 
from  stars.  A  good  separation  technique  should  have  a  very  low  false  alarm  rate 
due  to  imperfect  rejection  of  star  images.  The  system  should  be  designed  to  ac¬ 
commodate  the  normal  atmospheric  and  equipment  variations  that  will  occur.  In 
addition,  the  detection  probability  of  the  system  should  not  be  adversely  affected  by 
the  constraints  of  the  separation  technique.  The  requirements  fit r  high  detection 
probability  and  low  false  alarm  rate  are  usually  incompatible  so  that  some  degree 
of  compromise  is  usually  necessary.  Separation  techniques  will  vary  somewhat  in 
the  amount  of  detection  loss  that  is  necessary  to  maintain  a  satisfactory  false  alarm 
rate. 

M'it  star  separation  techniques  are  basically  the  same  in  that  they  involve  the 
tallowing  steps. 

a.  An  exposure  of  the  s>..y  is  compared  with  another  exposure  of  the  same 
region  taken  either  from  a  different  location  ^  at  a  different  time.  The 
other  exposure  may  be  the  real-time  output  of  another  sensoi,  a  tempo¬ 
rarily  stored  analog  or  digital  image,  or  it  may  be  an  analog  or  digital 
star  catalog. 

b.  All  images  common  to  both  exposures  are  rejected.  This  may  be  accom¬ 
plished  by  electronic  subtraction,  by  gating',  or  by  mechanical  masking. 

Two  difficulties  arise  in  these  systems.  First,  the  characteristics  of  the  sen¬ 
sors  produce  images  that  spread  beyond  their  strictly  geometric  size  thus  occupying 
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more  of  the  field  of  view.  Secondly,  atmospheric  effects  and  equipment  variations 
cause  problems  in  the  alignment  of  the  exposures  for  complete  cancellation  making 
it  necessary  to  Cancel  a  slightly  larger  image  area.  The  result  is  that  a  target 
image  close  to  a  star  image  may  be  completely  masked  oui  or  occulted  and  thus 
rendered  undetectable.  The  likelihood  of  a  target  being  occulted  in  this  manner  may 
be  related  to  the  detection  probability  through  the  following  equation. 

Pd  =  P(B)  P(A/B)  (1) 

Where:  Pd  =  Probability  of  detection 

P(B)  =■  Probability  that  the  target  is  not  occulted  by  a 
by  a  star  image. 

P(A/B)  -  Probability  that  the  target  signal  is  sufficiently 

above  the  noise  level  to  exceed  a  preset  threshold, 
provided  the  target  is  not  occulted  by  a  star  image. 

Also, 

Q(B)  =  1  -  P(B)  (2) 

Where:  Q(B)  •=  Probability  that  the  target  is  occulted  by  a  star 
image. 

The  probability  of  the  target  signal  being  above  noise  is  determined  primarily  by 
the  detection  characteristics  of  the  sensor  and  is  only  secondarily  influenced  by  the 
separation  process. 

Because  of  the  image  spreading  characteristics  of  most  sensors,  there  will  be 
a  certain  detection  loss  due  to  target  occultation  even  though  separation  techniques 
are  not  used.  A  relation  describing  this  loss  is  derived  first  and  used  as  a  standard 
for  comparison.  The  effect  of  various  atmospheric  and  equipment  variations  on  the 
non-occultation  probability  is  then  discussed. 

2.  PROBABILITY  OF  NON-OCCULTATION 

In  addition  to  the  image  spreading  characteristics  of  the  sensor,  the  number  of 
stars  in  the  field  of  view  will  also  strongly  influence  the  probability  of  target  occul¬ 
tation.  The  number  of  stars  in  the  field  of  view  increases  with  the  angular  size  of 
the  field  of  view  and  with  the  detector  sensitivity,  i'he  particular  region  of  sky  ob¬ 
served  has  a  significant  effect.  The  average  star  density  to  the  16th  magnitude,  for 
example,  differs  by  a  factor  of  13:1  between  the  galactic  pole  and  the  galactic  equa¬ 
tor.  The  spectral  sensitivity  of  the  sensor  will  also  affect  the  number  of  stars  seen. 

The  geometrical  size  of  the  star  images  is  an  important  factor  in  that  it  sets 
the  minimum  value  of  occupancy  attainable.  The  minimum  geometric  image  size 
may  be  set  by  the  resolution  limit  of  the  optical  system;  however,  in  ground  based 
surveillance  systems  it  would  probably  be  set  by  the  seeing  conditions  of  the  atmos¬ 
phere.  The  size  of  the  target  image  is  also  important  in  that  larger  images  would 
not  be  so  easily  occulted.  The  minimum  target  image  may  be  set  by  the  size  of  the 
target  and  \s  range.  Small  long  range  targets,  however,  will  have  their  image 
sizes  limited  by  seeing  condition®. 

The  probability  of  occultation  Is  basically  the  ratio  of  the  total  solid  angle  oc¬ 
cupied  by  star  images  to  the  solid  angle  of  the  field  of  view.  In  deriving  this  pro¬ 
bability  the  following  assumptions  were  made. 
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a.  The  total  solid  angle  occupied  by  stars  is  equal  to  the  sum  of  the  solid 
angles  of  each  star  image.  The  validity  of  this  assumption  will  depend  on 
the  type  of  sensor  used.  When  the  number  of  stars  in  the  field  of  view  is 
large,  their  spread  images  tend  to  overlap.  A  photographic  detector 
would  probably  produce  a  combined  image  smaller  than  the  sum  of  the 
individual  images.  An  image  orthicon  would  more  likely  produce  a  com¬ 
bined  image  equal  to  the  sum  of  the  individual  images.  In  any  case,  this 
assumption  should  be  valid  for  occultation  probabilities  as  large  as  20  per¬ 
cent. 

b.  The  image  spreading  characteristics  are  assumed  to  be  linear  to  about 
4th  magnitude.  Experiments  with  the  image  orthicon  indicate  a  capability 
of  linear  operation  over  a  12  magnitude  range.  Photographic  images  show' 
a  tendency  to  depart  from  linear  operation  and  spread  more  rapidly  at  the 
higher  intensity  levels.  There  are  fewer  bright  stars  so  this  departure 
from  linearity  is  not  as  important  as  it  would  be  at  the  lower  intensities. 

c.  It  was  assumed  that  the  available  star  densities  compiled  according  to 
photographic  magnitudes  would  apply  approximately  to  the  spectral  response 
of  the  image  orthicon  used.  This  is  discussed  further  in  Appendix  I. 

d.  Images  were  assumed  to  be  circular.  If  other  image  shapes  are  used,  the 
occultation  probability  must  be  corrected.  If,  for  example,  electronic 
blanking  gates  are  used  to  blank  out  the  star  images,  the  blanked  area  will 
be  square.  The  occultation  probability  would  then  be  multiplied  by  4 /’If . 

e.  Only  stars  have  been  considered.  Such  sources  as  the  sun,  moon,  planets, 
asteroids,  etc.  have  not  been  included  in  the  analysis.  Stars  brighter  t*»an 
4th  magnitude,  because  of  their  low  numbers,  have  been  considered  as  a 
singie  group  of  magnitude  3.  75. 

f.  The  targets  to  be  detected  were  assumed  to  be  near  the  threshold  level. 

The  probability  of  a  bright  target  being  occulted  by  star  images  would  be 
much  lower  than  calculated  here.  It  is  also  assumed  that  the  targets 
subtend  arcs  smaller  than  the  limits  imposed  by  seeing  conditions. 

A  relation  for  the  probability  of  occultation  Q(B)  has  been  derived  in  Append!.. 

I  acco:  ding  to  the preceeding assumptions.  It  the  image  diameter  ia  represented  by 

d  »  a  +  b  (M|  -  m)  m<Mt  (3) 

Where:  Mf  =  Threshold  magnitude  of  the  detector  or  the  magnitude 

S  of  a  just  detectable  source. 

|m  -  Magnitude  of  the  source 

Id  =  Angular  size  of  the  image  in  seconds  of  arc 

a  Minimum  angular  size  of  the  image  or  the  size  of  a 
just  detectable  image  in  seconds  of  arc 

b  -  Rate  of  image  growth  in  seconds  of  arc  per  magnitude 
then  the  probability  of  occultation  Q<B1  ia  given  by 

9<B)  b2  Hj  ♦  ah  Hj  ♦  a*  H8  Peroeat 


(4) 


-  m)2 


(Mt  -  m) 


per  square  degree  with  a  brightness 
m  to  m  +  A  magnitudes. 

Figure  IV-1  shows  the  star  distributions  used  for  0°  galactic  latitude,  90°  galactic 
latitude,  ar.d  a  0°  to  90°  average.  These  distributions  were  derived  from  Interna¬ 
tional  Critical  Tables,  Vol.  II  (McGraw-Hill).  Using  these  *tar  distributions, 
values  of  Hi,  fJ2,  and  Ji3  were  computed  for  threshold  magnitudes  from  9  to  20. 
These  values  are  tabulated  in  Appendix  I,  Table  3.  To  aid  in  the  solution  of  equation 
4,  the  following  partial  probabilities  are  defined. 

»'l  =  b2  H, 

F2  ab  H2 
F3  a2  H3 

These  partial  probabilities  may  be  obtained  from  the  charts  in  Appendix  I,  Figures 
3  through  1 1  when  a  and  b  are  known 
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The  occultation  probability  is  relatso  to  the  field  of  view  and  the  number  of 
linM  per  scan  of  an  image  orthicon  by 

2 

JMB)  =  (3600)*  -Sj-  (b*  Hj  +  n  bn  H2  +  n2  H3)  percent  (5) 

#  =  Field  of  view  in  degrees 
N  -  Number  of  lines  per  scan 
bn  -  Rate  of  image  growth  in  lines/magnitude 
n  -  Minimum  image  size  in  lines. 


The  occultation  probability  is  seen  to  increase  as  the  square  of  the  field  of  view. 
Because  of  this,  large  fields  of  view  may  present  a  serious  limitation  to  the  detec¬ 
tion  probability..  Figure  IV-2  shows  the  variation  in  non-occultation  probability  as 
a  function  of  field  of  view  for  an  image  orthicon  operating  under  average  conditions 
of  1200  lines  per  scan,  1. 0  line  per  magnitude  growth  rate,  and  2  line  minimum 
image  size.  The  0°  to  90°  average  star  distribution  is  assumed. 

Note  that  the  non -occultation  probability  for  a  3  degree  field  of  vi^w  is  about 
9b  percent  for  a  15th  magnttllds  threshold.  When  the  field  of  view  is  increased  to 
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10  degrees,  the  probability  drops  to  about  76  percent.  The  reason  for  this  drastic 
change  is  related  to  the  minimum  image  size  attainable  in  the  system.  Because  of 
seeing  conditions,  stars  usually  appear  as  extended  sources.  If  the  angular  size  of 
the  source  is  greater  than  the  minimum  image  size  of  the  sensor,  an  increase  of 
the  field  of  view  will  increase  the  total  number  of  stars  in  view  but  will  decrease 
the  image  size  in  the  same  ratio  thus  preserving  the  same  occupation  probability. 

If  either  the  lens  system  or  the  detector  system  limits  the  minimum  image  size  to 
something  greater  than  the  angular  size  of  the  source,  an  increase  of  the  field  of 
view  will  not  change  the  image  size.  The  increased  star  density  will  then  decrease 
the  non-occultation  probability.  For  most  field  sizes  suitable  for  surveillance  sys¬ 
tems  the  image  orthicon  line  width  is  a  limiting  faetor.  Since  most  photographic 
materials  are  capable  of  a  smaller  minimum  image,  there  is  a  possibility  that  the 
use  of  a  photographic  image  cancelling  mask  ahead  of  the  image  orthicon  could  make 
a  larger  field  of  view  feasible. 

Figures  IV-3,  IV-4,  and  IV-5  show  the  calculated  probability  of  non-occultation 
for  an  image  orthicon  with  a  3  degrefe  field  of  view  and  1200  lines  per  scan.  Figure 
IV-3  shows  the  relative  effect  of  the  difference  in  star  density  at  the  galactic  pole 
and  the  galactic  equator.  This  variation  is  greater  than  the  variation  due  to  the 
normal  range  of  image  orthicon  spreading  which  is  1.  0  to  1.5  lines/magnitude. 
Figures  IV-4  and  IV-5  show  respectively  the  effect  of  variation  of  the  spreading 
rate  jj.  and  the  effect  of  different  minimum  image  sizes  a. 

In  order  to  evaluate  the  relative  importance  of  the  spreading  rate  with  respect 
to  the  minimum  image  size  the  curves  in  Figures  IV-6  and  IV-7  were  made.  Fig¬ 
ure  IV-6  shows  the  combinations  of  spreading  rate  and  image  size  required  to  pro¬ 
duce  a  99  percent  non-occultation  probability  for  a  given  threshold  magnitude.  Fig¬ 
ure  IV-7  provides  the  same  information  except  for  a  probability  of  90  percent.  It 
will  be  seen  that  for  a  probability  of  99  percent  the  spreading  rate  will  have  about 
the  same  effect  on  threshold  magnitude  as  the  image  size  when  a  1.  5b.  For  a 
probability  of  90  percent  the  same  relation  holds  when  a  -  2b.  When  either  the 
growth  rate  or  the  minimum  image  size  is  much  greater  than  the  other,  then  the 
largest  will  have  the  most  effect.  The  value  of  the  growth  rate  Is  usually  less  than 
the  value  of  the  minimum  image  size  for  most  sensors  and  often  does  not  exceed 
half  the  maximum  image  size.  An  image  size  of  2  lines  is  about  the  minimum  for 
good  detection  in  an  Image  orthicon.  The  usual  growth  rate  is  between  1.  0  and  1. 5 
lines  per  magnitude  for  continuous  operation;  but  would  be  lower  for  pulsed  opera¬ 
tion.  When  allowances  are  made  for  errors  In  cancellation,  the  minimum  image 
site  will  usually  be  the  more  Important  factor. 

If  the  target  motion  is  great  enough  to  produce  a  trailed  image  during  a  single 
exposure,  the  target  will  be  less  likely  to  be  hidden  by  star  Images.  Generally, 
star  images  smaller  than  the  length  of  the  trailed  image  will  not  affect  the  non- 
occultation  pro! ability.  Assuming  this  to  bo  true  the  results  of  the  previous  analysts 
may  be  applied  to  trailed  image  detectlM.  QlMt  A  detection  system  with 

Threshold  magnitude  =  Mj 

Minimum  image  size  *  a 

Imago  growth  tHo  *  b 
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Figure  IV-3.  Nonocculatlon  Probability  for  Extreme  Star  Densities 
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Figure  IV-4.  Nooocculstton  Probability  vs  linage  Growth  Rate 
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Figure  IV-5.  Nonocculatlon  Probebility  vs  Threshold  Image  Size 


IV- 10 


Figure  IV-6.  effect  of  Image  Growth  Kate  ve  Minimum  image  Diameter 

for  99  percent  Probability 


Then  the  response  to  a  trailed  image  may  be  found  by  using: 
-  Mj  -  b  >  0 

a*  =g 

Where:  g  -  Length  of  the  trailed  image 

=  Modified  threshold  magnitude 
a'  *  Modified  minimum  image  size. 


Disaster  (a)  -  Seconds  of  kt 


Image  Spreading  Slope  (b)  -  Seoonda  of  Aro/Magnitudo 

Figure  IV-7.  Effect  of  Image  Growth  Rate  vs  Minimum  Image  Diameter 

for  80  percent  Probability 


The  values  of  and  would  then  be  used  in  place  of  Mb  and  to  find  the  non- 
occultation  probability. 

If  an  Image  orthicon  detector  is  used  with  an  image  cancelling  photographic 
mask,  the  non-occultation  probability  may  be  set  by  the  mask  rather  than  by  the 
detector.  Some  of  the  conditions  required  to  achieve  this  are  discussed  in  Appen¬ 
dix  I.  Generally,  the  density-log  exposure  slope  or  Gamma  of  the  mask  should  be 
greater  than  unity  over  the  range  of  operation.  The  gross  fog  level  should  be  as 
low  as  poosible.  The  mask  should  also  be  capable  of  producing  a  maximum  density 
of  at  least  two-fifths  of  the  range  of  magnitudes  to  be  observed.  Thus  for  cancel¬ 
lation  over  a  15  magnitude  range  a  maximum  density  of  6  would  be  required. 
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Minimum  Laag*  Dianotor  (a)  -  Snoonds  of  Arc 


B.  EFFECTS  OF  ATMOSPHERIC  AND  EQUIPMENT  VARIATION  ON  CANCEL¬ 
LATION  PERFORMANCE 


1.  INTRODUCTION 


The  principal  effect  of  atmospheric  and  equipment  variations  on  cancellation 
performance  is  to  cause  the  images  to  be  misaligned  so  that  they  will  not  cancel 
completely.  In  order  to  insure  a  low  false  alarm  rate  it  will  usually  be  necessary 
to  make  some  provision  to  accommodate  the  normal  fluctuations  and  misregistra¬ 
tions  that  will  occur.  Some  types  of  errors  such  as  certain  systematic  errors, 
bias  errors,  and  long  term  drift  may  be  corrected  by  manual  or  automatic  adjust¬ 
ment.  Other  errors  such  as  random  fluctuations,  small  systematic  errors,  and 
short  term  bounded  d  nft  errors  are  either  impractical  or  impossible  to  correct. 
They  would  probably  have  to  be  accommodated  by  cancelling  over  an  area  large 
enough  to  include  all  uncorrected  errors.  This  process  has  the  disadvantage  of 
reducing  the  useful  observation  area  in  the  field  of  view  and  increasing  the  proba¬ 
bility  of  target  occultation.  Cancellation  systems  may  possibly  be  graded  on  the 
basis  of  the  size  of  the  cancelling  area  required  to  accommodate  the  errors  inherent 
in  the  particular  systems.  The  following  analysis  is  intended  to  identify  some  of 
the  major  sources  of  error  and  to  estimate  their  magnitude. 

2.  REFRACTION  ERRORS 


One  of  the  major  sources  of  misregistration  error  is  atmospheric  refraction. 
Although  this  contributes  a  systematic  error  that  can  largely  be  corrected,  there 
will  remain  a  smaller  differential  error  over  the  field  of  view  that  will  depend  on 
the  size  of  the  field  of  view  as  well  as  the  elevation  angle  of  observation. 


To  estimate  the  magnitude  of  the  error  contributed  by  refraction,  it  is  assumed 
that  the  atmosphere  is  horizontally  stratified  and  that  the  error  occurs  in  elevation 
only.  It  is  also  assumed  that  the  minimum  elevation  angle  of  interest  is  20  degree's. 
Within  these  limits  the  total  error  may  be  represented  by: 


e  A  Cot  ft 


ft  20° 


Where:  e 

A 

ft 


Total  refraction  error  measured  angle  less 
the  true  angle 

Refraction  error  at  45  degrees 
Elevation  angle 


«i) 


A  common  value  for  A  is  58. 2  sevenths  at  50° F  and  50"  pressure.  Using  this 
value,  the  error  at  20  ddgreefe  elevation  would  be  about  159  secomTk.  Systems  using 
fixed  catalogs  of  charts  for  comparison  would  have  to  include  a  means  lor  correct¬ 
ing  this  error,  A  method  using  equation  0  for  compensation  to  the  center  of  the 
field  of  view  would  probably  be  used.  This  would  remove  the  major  part  of  the  er¬ 
ror  leaving  the  differential  error  oetween  the  center  of  the  field  and  the  edges. 


An  estimate  of  the  differential  error  between  the  top  or  bottom  of  the  field  ol 
view  and  the  center  of  the  field  of  view  may  be  obtained  by  taking  half  ot  the  differ¬ 
ence  between  the  total  error  at  the  top  and  the  total  error  at  the  bottom. 
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Using  equation  6, 


*  >  ^*7  -  et°e  -  £  [cot  (» -  -f)  -  Cot  {« +  -f-)l 

Where:  6  =  Average  error  between  the  center  of  the  field  of 
view  and  the  upper  and  lower  edges 

<t>  =  Field  of  view 


(7) 


Equation  7  may  be  reduced  by  trigonometric  identity  to: 


Tan  -f- 

t* 

1 

Shi5  9 
—  _ 

1  -  Tan2  -|~  Cot2  B 

(3) 


This  relation,  using  A  =  58.2  seconds,  is  plotted  in  Figure  1V-8  as  a  function  of 
elevation  angle  and  field  of  view.  It  has  been  assumed  that  the  comparison  chart 
has  been  corrected  for  the  gross  refraction  error  by  shifting  the  whole  chart  by  the 
amount  given  by  equation  6  for  the  elevation  angle  of  the  center  of  the  field  of  view. 
There  would  then  be  no  registration  error  at  the  center,  and  the  maximum  error 
would  be  at  the  maximum  and  minimum  elevation  positions.  Figure  TV-8  gives  this 
maximum  error  which  is  the  displacement  between  the  observed  image  and  the  cor¬ 
responding  image  on  the  comparison 'chart.  Actually  there  is  a  small  difference 
between  the  maximum  error  at  the  top  of  the  field  and  the  maximum  error  at  the  • 
bottom  when  the  error  at  the  center  is  zero.  This  is  a  result  of  the  nonlinear  nature 
of  the  refraction  error  but  It  is  insignificant  for  fields  of  view  less  than  15  or  20 
degrees  and  for  elevation  angles  greater  than  20  degrees. 


The  refraction  error  occurs  largely  in  elevation,  buL  caution  must  be  observed 
in  applying  corrections  to  surveillance  systems  using  an  equatorial  coordinate  sys¬ 
tem  .  The  orientation  of  the  axes  of  the  field  of  view  will  be  constantly  changing 
with  respect  to  azimuth-elevation  coordinates.  The  direction  or  sense  of  the  re¬ 
fraction  error  with  respect  to  the  axes  of  the  field  of  view  will  then  depend  on  the 
declination  of  the  region  being  observed,  the  time  of  observation,  and  the  latitude 
of  the  site.  The  angle  between  the  direction  of  the  refraction  error  and  the  meridian 
of  the  field  of  view  may  change  by  as  much  as  180  degree!*.  In  general,  the  error 
given  in  Figure  IV-8  represents  a  radius  of  the  additional  cancelling  area  required. 


A  mask  system  or  a  system  using  a  permanently  stored  exposure  of  the  sky  for 
comparison  may  require  either  more  or  less  cancelling  area  than  the  system  using 
a  star  chart.  The  principal  difference  is  that  the  exposure  includes  the  refraction 
correction  for  the  elevation  angle  at  which  it  was  made.  If  i  is  necessary  to  in¬ 
crease  the  cancellation  area,  the  increased  area  would  be  centered  on  the  image  of 
the  exposure  whereas  in  a  star  chart  system  the  increased  area  would  be  centered 
on  the  true  position.  If  the  orientation  does  not  change  appreciably,  the  amount  of 
accommodation  required  would  likely  be  less  than  would  be  required  with  a  star 
chart.  The  magnitude  cf  the  error  could  be  approximated  from  Figure  IV-8  by  tak¬ 
ing  the  difference  between  the  errors  indicated  for  the  extremes  of  elevation  angles 
encountered.  It  is  possible,  however,  for  the  orientation  to  change  by  as  much  as 
180  ddgreeS.  When  this  happens  it  is  possible  for  the  radius  of  the  required  cancel¬ 
lation  area  to  be  as  great  or  greater  than  that  required  for  a  star  chart.  Figure 
IV-8  can  be  used  along  with  the  orientation  angle  to  estimate  the  amount  of  error  to 


IV-14 


Elevation  Aafla  .  Pagreaa 


Figure  IV-8.  Refraction  Error  Between  Center  of  Field  of  View  and  Edge 


be  cancelled.  A  polar  plot  of  orientation  angle  vs.  differential  refraction  error 
should  be  prepared  centered  on  the  true  image  position.  This  can  then  be  used  to 
determine  the  cancellation  area  required. 

A  temporary  storage  comparison  system  would  exhibit  the  least  refraotion 
error  because  new  exposures  are  frequently  made,  each  including  the  total  correc¬ 
tion  for  its  particular  elevation  angle.  In  this  way  the  orientation  angle  variation 
is  kept  to  a  minimum  as  well  as' the  change  in  elevation  angle.  An  estimate  of  the 
amount  of  the  error  can  be  made  by  assuming  a  maximum  elevation  rate  of  0. 25 
degrees  per  minute  and  reading  the  error  difference  from  Figure  IV-8  for  the 
change  of  elevation  angle  between  exposures. 
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A  dual  station  comparison  system  can  also  have  low  cancellation  errors  due  to 
refraction.  The  difference  in  elevation  angles  of  the  two  stations  observing  the 
same  region  of  sky  is  on  the  order  of: 

6 '  =  (°-01666>  s  (&) 

Where:  O'  -  Difference  in  elevation  angle  of  the  center  of  the 
field  of  view  of  the  two  stations 

S  =  Distance  between  stations  in  N.  Miles 

r  -  Radius  of  earth  -  3440  nmi. 

For  seoaration^distances  up  to  200  nmi.  the  difference  in  elevation  angles  jhould  be 
less  than  3.  5  degrees.  From  Figure  IV -8,  this  would  contribute  about  3  second^ 
error  at  23  degrees  elevation  with  a  3  degree  field  of  view.  The  amount  of  orienta¬ 
tion  angle  difference  should  be  about  the  same  as  the  elevation  angle  difference; 
however,  the  two  factors  will  not  reach  their  maximum  values  at  the  same  time. 
Further  investigation  of  the  geometric  problems  involved  in  the  effect  of  refraction 
error  on  cancellation  systems  would  be  desirable. 

3.  DANCING 


Another  source  of  error  contributed  by  atmospheric  variations  is  described  as 
dancing.  This  is  a  random  fluctuation  of  the  angular  position  of  an  image  about 
some  mean  value.  The  fluctuation  is  correlated  over  short  distances,  but  probably 
not  over  a  distance  long  enough  for  the  correlation  to  have  any  value  in  a  two  station 
system.  Good  experimental  data  is  lacking  in  this  area.  The  few  reports  available 
indicate  that  fluctuations  up  to  8  seconds  of  arc  are  possible. 

4.  OPTICS 


The  major  source  of  cancellation  error  contributed  by  the  optical  system  is 
likely  to  be  the  field  curvature.  The  source  of  this  error  is  the  coupling  of  the 
curved  focal  surface  of  the  lens  system  to  the  flat  photocathode  ox  the  image  orthi- 
con.  The  effect  of  the  field  curvature  is  to  produce  a  nonlinear  correspondence 
between  angular  position  and  distance  along  the  photocathode.  An  approximation  of 
the  magnitude  of  this  error  may  be  obtained  as  follows,  Let: 


x  The  ratio  of  the  distance  to  the  image  from  the  center  of  the  photo¬ 
cathode  to  the  distance  to  the  edge  of  the  photocathode, 

b  The  angular  displacement  of  the  source  from  the  optical  boresite. 


Then  the  angle  measured  by  linearly  scaling  the  distance  of  the  image  from  the  cen¬ 
ter  of  the  photocathode  Is  given  by: 


0, 


* 


m  2 

Whereas  the  actual  angle  is: 


0a  t*"*1  [xton-J-J 


(10) 


(11) 
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Where:  ^  m  --  Measured  angle 
ft  a  Actual  angle 
4>  Field  oi'  view 

The  angular  error  may  then  be  defined  as: 


Jl  +  -1 

2  3 


,e’  -fJa  -flm  =  Tan"1  |xTan-f- 

After  making  the  following  approximations, 

«...  *  *  .  1  /  ±  \3 
"  l  2  / 


Tan~irZ  Z 


and  neglecting  higher  powers  of  $  than  the  third  for  fields  of  view  less  than  10 
degrees ,  the  error  is: 

e1  -  x(l  -  x“)  -fg- 

The  maximum  error  is: 


4>° 

36/3 


at  x  -  0<  577 


The  maximum  error  of  equation  14  is  plotted  in  Figure  IV-9.  Also  plotted  is  the 
relative  error  across  the  photocathode.  This  error  is  relatively  unimportant  for 
small  fields  of  view  but  increases  rapidly.  It  would  not  be  a  factor  in  systems  that 
use  exposures  for  comparison  that  have  been  taken  through  the  same  lens.  This 
would  include  the  mask  systems  as  well  as  the  temporary  storage  systems.  It  would 
not  be  a  factor  in  two  station  systems  if  the  optical  designs  were  the  same.  This 
error  would  have  to  be  compensated  in  a  star  chart  system  if  the  fmid  of  view  were 
more  than  6  or  8  degreed.  This  error  will  add  directly  to  the  refraction  error  at 
the  corresponding  elevation  angles. 

5.  SYNCHRONIZING  AND  TIMING  ERROR 

In  a  star  cancellation  system  that  requires  the  comparison  of  scanned  fields 
such  as  a  permanent  storage  technique  using  a  flying  spot  scanner,  or  a  temporary 
storage  technique  using  a  storage  tube,  or  a  two  station  system,  a  potential  source 
of  misregistration  Is  the  jitter  in  the  synchronizing  of  the  line  sweeps  of  the  two 
fields.  A  difference  in  sweep  start  times  can  cause  a  differential  shift  of  the  two 
images  in  the  direction  of  the  scanning  lines.  An  estimate  of  the  error  introduced 
for  a  given  time  error  is  given  by: 


eg  0.0036  t 


seconds  of  arc 


lines 
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Maid  of  71mr  -  Vmgrm 
Figure  IV-9.  Curvature  of  Field  Error 


Where:  e 


es  Angular  error  in  seconds  of  arc 

n  -  Angular  error  in  lines 

N  =  Number  of  active  lines  per  scan 

T  -  Time  of  field  scan  in  seconds 

k  =  Ratio  of  active  horizontal  sweep  time  to  total 
horizontal  sweep  time 

4>  -  Field  of  view  in  degrees 

t  -  Time  error  in  microseconds 
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Error  (Tru«  Angla  -  Measured  Angla)  in  S*con3s  of  Arc 


For  a  field  of  view  of  3  degrees,  1200  lines  per  scan,  1/30  second  scan  time,  and 
a  horizontal  sweep  ratio  of  0.  85, 


es  437  t  (17) 

A  timing  stabilitvbetter  than  22  nanoseconds  would  be  required  to  hold  the  angular 
error  within  10  seconds.  Synchronizing  systems  have,  however,  been  built  with 
jitter  held  to  less  than  1/2  nanosecond  which  would  coi'respond  to  an  error  less  than 
0.  25  seconds.  Synchronization  within  a  single  station  should  not  be  a  problem. 
Adjustable  delays  would  have  to  be  provided  to  compensate  for  the  various  fixed 
time  delays  that  would  be  present. 

Synchronization  between  stations  may  present  more  of  a  problem  because  of  the 
data  transmission  circuit  characteristics.  All  transmission  systems  have  a  certain 
amount  of  delay,  but  those  systems  having  a  -‘ariable  delay  such  as  HF  links  should 
be  avoided  unless  they  have  been  thoroughly  tested  for  this  application.  Microwave 
links  would  probably  be  the  best.  Even  though  synchronization  of  sweep  starts  may 
be  held  within  tolerable  limits  by  means  of  circuit  techniques,  a  variable  trans¬ 
mission  delay  between  synchronization  pulses  can  cause  displacement  of  the  image. 
This  is  most  serious,  of  course,  for  threshold  images.  Again,  good  data  on  pro¬ 
pagation  delay  is  lacking;  however,  it  would  seem  that  the  delay  fluctuation  of  a 
microwave  link  would  be  at  least  as  small  as  the  synchronization  jitter  and  probably 
smaller. 

U.  LINEARITY 

In  scanning  circuits  using  linear  sweeps,  a  departure  of  the  sweep  waveform 
from  linear  will  cause  a  displacement  of  the  image.  The  degree  of  nonlinearity  is 
usually  specified  by  the  displacement  of  the  image  as  a  percentage  of  the  total  sweep 
length.  The  equivalent  angular  error  will  be  a  function  of  the  field  of  view  as  indi¬ 
cated  by  the  following  equation. 

e^  36004>u  seconds  of  arc  (18) 

Where:  ej  -  Angular  error  in  seconds  of  arc 
4>  -  Field  of  view  in  degrees 

u  -  Linearity  of  sweep  expressed  as  ratio  of  image 
displacement  to  sweep  length 

For  a  three-  degree  field  of  view,  a  linearity  of  1  percent  would  produce  an 
error  of  108  seconds.  A  sweep  linearity  of  0. 1  nercent  should  be  possible,  reduc¬ 
ing  the  error  to  11  seconds.  Fortunately,  this  source  of  error  is  not  so  important 
in  systems  where  th a  same  sweep  is  used  for  both  fields  being  compared.  In  this 
case  the  important  factor  is  stability,  which  should  be  at  least  10  times  better  than 
the  linearity  itself.  Sweep  linearity  could  well  be  the  major  source  of  error  in  a 
two  station  system. 

7.  IMAGE  ORTII ICON  RESPONSE  UNIFORMITY 

The  intensity  response  of  the  image  orthicon  as  a  function  of  the  position  of  the 
image  on  the  photocathode  will  not  directly  affect  the  cancellation  registration  es¬ 
pecially  in  systems  using  the  same  tube  to  produce  both  fields  being  compared. 

When  different  tubes  are  used  such  as  in  a  two  station  system,  the  variation  in 
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response  can  upset  the  cancellation  process  by  making  some  stars  undetectable  at 
one  sensor  but  detectable  at  the  other.  A  loss  in  detection  probability  would  result 
from  the  necessity  to  reduce  the  sensitivity  of  the  system  to  the  level  of  the  least 
sensitive  area  of  the  image  orlhicon. 

C.  THE  BASELINE  (STEREO)  SEPARATION  SPACE  SURVEILLANCE  SYSTEM 

The  baseline  separation  technique  is  based  on  the  registration  or  the  celestial 
background  at  infinity  vs.  an  object  not  at  infinity. 

The  ability  to  detect  or  separate  is  determined  by  the  geometry  of  the  network: 
The  baseline  separation  and  the  precision  measuring  threshold  limit.  This  threshold 
is  set  by  the  stability  of  the  atmosphere,  d nclt ding  refraction),  the  spot  (image) 
size,  the  registration  ability  of  two  separate  but  time  synchronized  sensors  and 
associated  electronic  stability,  and  the  exchange  or  transfer  of  information  to  a 
common  point  for  processing. 

I.  GEOMETRY 

Two  sensors  separated  on  the  earth's  surface  by  a  distance  d,  viewing  an 
object  in  space  at  a  finite  altitude  will  observe  it  at  slightly  different  positions  rela¬ 
tive  to  the  star  background.  In  the  baseline  separated  bi-static  system  this  apparent 
angular  displacement  (parallax)  is  used  as  a  basis  for  separating  the  object  and  the 
star  background.  The  geometrical  constraints  which  limit  the  performance  of  this 
system  are  discussed  below. 

It  is  assumed  that  sensors  at  both  sites  view  the  exact  same  star  background 
simultaneously.  The  view  of  the  sky  taken  at  one  site  is  relayed  to  the  other  site 
where  it  is  compared  on  a  resolution  element  by  resolution  element  basis  with  the 
view  taken  at  that  site.  The  comparison  is  accomplished  in  such  a  way  that  if  the 
same  source  of  light  occurs  in  both  views  in  nearly  the  same  position  it  is  considered 
to  be  a  star  and  is  ignored.  If,  however,  a  source  does  not  occur  near  the  same 
position  in  both  views  it  is  considered  to  be  a  target  and  accepted  for  further  pro¬ 
cessing.  The  amount  of  displacement  necessary  before  a  source  is  considered  to 
be  a  target  is  referred  to  as  the  threshold  parallax  and  is  determined  by  the  accu¬ 
racy  with  which  the  two  views  may  be  registered  in  the  comparison.  This  accuracy 
in  turn  is  determined  by  the  errors  accumulated  throughout  the  system  including 
refraction,  differences  between  the  two  sensors  and  optics,  di.  .ortions  introduced 
by  the  communications,  and  the  degree  to  which  the  two  sites  can  be  synchronized. 
This  threshold  parallax  is  determined  by  a  separate  study  which  considers  these 
factors  and  any  others  which  contribute  to  the  registration  problem. 

An  object  seen  by  one  site  but  not  the  other  is  immediately  accepted  for  pro¬ 
cessing  as  it  represents  positive  separation.  See  Figure  IV-10  case  2. 

The  amount  of  parallax  displacement  between  the  apparent  positions  of  a  body 
as  seen  by  two  separate  sites  is  a  lunction  of  the  altitude  of  the  body,  the  separation 
between  the  sites,  and  the  angular  position  of  the  body  relative  to  the  two  sites.  The 
equations  defining  the  parallax  in  terms  of  these  quantities  are  derived  in  Appendix 

II,  where  it  is  demonstrated  that  for  a  given  height  and  site  separation  the  parallax 
is  minimum  at  the  lowest  elevation  angle  in  respect  to  the  vertical  plane  containing 
the  sites.  (See  Figure  IV-10).  In  order  to  determine  whe'her  all  of  the  space  ve¬ 
hicles  at  a  given  altitude  within  a  coverage  volume  will  bt  detected  it  is  necessary 
to  determine  whether  or  not  this  minimum  parallax  exceeds  the  threshold  value. 
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MAY  8E  CONFUSED  WITH  OBJECT 
(I)  BY  SITE  “B"  WHEN  PROCESSING- 
ALARM 

(3)  NOT  SEEN  BY  EITHER  SITE 
Figure  IV-10. 

In  Figures  IV-11,  12,  13,  and  14  the  minimum  parallax  is  plotted  as  a  Junction 
of  the  site  separation  for  various  altitudes,  for  elevation  angles  ot  10°,  20°,  ;u>°, 
and  60°  respectively,  The  elevation  angle  is  relative  to  either  one  of  the  two  sites, 
These  curves  are  obtained  from  the  equations  derived  in  Appendix  II. 

As  indicated  by  Figures  IV-11,  12,  13  and  14,  the  minimum  parallax  increases 
with  decreasing  target  altitude  and  with  increasing  site  separation.  Therelore.  the 
site  separation  necessaiy  to  insure  that  the  parallax  of  ill  bodies  exceeds  the  thresh¬ 
old  value  will  be  determined  by  the  parallax  at  the  maximum  altitude  to  '  e  eowred. 
Therefore,  if  the  coverage  volume  is  bounded  by  a  maximum  altitude  of  100.  000  n. 
miles  amd  a  lower  elevation  of  20°,  and  if  the  threshold  parallax  is  20  set1,  (.  oo.m 
degrees),  Figure  IV-  indicates  that  a  site  separation  of  29  n.  miles  is  required  to 
insure  coverage. 

Figures  IV-11,  12,  13  and  14  are  adequate  to  determine  the  minimum  site  sepa¬ 
ration  necessary  to  insure  that  the  threshold  parallax  is  exceeded  throughout  a 
coverage  volume. 


IV- 2 1 


x  for  Bodies  at  60°  Elevation 


There  are  several  considerations  which  make  it  desirable  to  keep  the  site  sepa¬ 
ration  as  near  as  possible  to  the  minimum  value  described  above.  The  problem  of 
communications  between  the  sites  is  increased  as  site  separation  increases.  Also, 
the  problem  of  time  synchronization  of  the  two  sites  becomes  more  difficult  the 
greater  the  site  separation  because  the  propagation  time  lapse  between  sites  and  its 
short  term  variation  increase  with  increasing  path  length.  The  problem  of  regis¬ 
tration  between  the  two  views  of  the  same  star  fields  is  also  made  more  difficult 
because  of  the  greater  change  in  atmospheric  conditions  and  elevation  angle  of  the 
star  field  made  possible  by  increased  site  separation. 

In  addition,  a  more  definite  limit  on  the  maximum  site  separation  may  exist, 
depending  on  the  nature  of  the  data  required  from  the  system  and  the  use  to  which 
it  is  put.  These  considerations  are  discussed  below. 

The  objective  of  a  space  surveillance  system  is  to  detect  the  presence  of  satel¬ 
lites  or  other  space  vehicles  and  to  determine  their  trajectories.  Detection  by  the 
bistatic  (absence  of  cancellation)  system  requires  that  the  parallax  displacement 
exceed  the  threshold  as  described  above.  The  trajectory  determination  may  be  ac¬ 
complished  in  two  ways,  each  of  which  represents  a  possible  mode  of  operation  for 
the  bi-static  system.  One  approach  would  utilize  the  angular  coordinates  of  the 
space  vehicle  as  measured  at  one  of  the  sites  in  an  "angle -only"  procedure  which 
is  described  elsewhere  in  this  report.  In  this  procedure  three  angular  position 
measurements  spaced  in  time  are  used  to  predict  the  trajectory  of  a  body  in  space. 

If  angular  information  is  available  from  both  sites  simultaneously,  it  may  be  con¬ 
sidered  as  redundant  data  and  the  prediction  accuracy  thereby  improved.  This  sys¬ 
tem,  however,  only  requires  that  one  of  the  sites  be  able  to  see  the  space  vehicle 
at  a  given  time. 

The  other  approach  to  trajectory  determination  would  utilize,  not  only  the 
angular  position  measurement,  but  also  the  angular  displacement  between  the  posi¬ 
tions.  The  magnitude  of  this  displacement  may  be  directly  related  to  the  range 
between  the  site-complex  and  the  space  vehicle  and,  therefore,  with  the  bi-static 
system  it  is  possible  to  obtain  instantaneous  angle  and  range  information  about  a 
space  vehicle.  Using  this  approach  only  two  readings  separated  in  time  are  re¬ 
quired  to  determine  a  trajectory.  In  order  to  measure  the  parallax  displacement 
or  range  it  is  necessary  that  the  space  vehicle  appear  within  the  field  of  view  of  the 
two  sites  simultaneously,  which  Introduces  an  additional  constraint  on  the  system. 

The  requirement  that  the  target  appear  in  the  fields  of  view  of  both  sites  simul¬ 
taneously  limits  the  maximum  value  of  the  parallax  which  can  be  accepted.  If  the 
parallax  becomes  too  large  the  target  will  be  displaced  completely  out  of  the  field 
|  of  View  of  one  site  when  it  appears  in  that  of  the  other.  If  the  parallax  displacement 
to  greater  than  the  angular  diameter  of  the  field  of  view,  any  target  appearing  in 
the  field  of  view  of  one  site  will  not  appear  In  the  field  of  view  of  the  other  site, 
j  Therefore,  the  effective  field  of  view  of  the  pair  of  sites  will  be  zero.  If  the  paral- 
1  lax  is  less  than  the  diameter  of  the  field  of  view  the  effective  field  of  view  of  the 
pair  of  sites  will  not  be  zero  but  will  be  equal  to  that  portion  of  the  single  site  field 
of  view  which  s  common  to  both  sites.  In  Figure  IV-,15  the  ratio  of  the  solid  angle 
contained  in  the  effective  field  of  view  of  the  pair  of  sites  to  that  contained  in  the 
single  site  field  of  view  is  plotted  as  a  function  of  the  parallax,  expressed  as  a 
fraction  of  the  single  site  beamwktth.  This  plot  Is  based  on  equations  derived  in 
Appendix  il. 
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Since  the  parallax  is  a  function  of  the  altitude  of  the  target,  the  reduction  in  the 
field  of  view  will  also  be  a  function  Oi  the  altitude.  For  a  given  altitude  the  reduction 
in  the  effective  field  of  view  increases  with  the  parallax,  and  therefore,  in  order  tc 
determine  the  minimum  effective  field  of  view  for  a  given  altitude  it  is  necessary  to 
know  the  maximum  parallax  which  a  target  at  that  altitude  can  have. 

In  Appendix  II  it  is  demonstrated  that  the  parallax  of  a  body  at  an  altitude,  h,  is 
maximum  when  it  is  at  the  maximum  elevation  and  when  its  azimuth  relative  to  the 
great  circle  connecting  the  sites  is  either  it  /2  or  3ir/2.  In  Figures  IV-16,  17,  18, 
and  19,  the  maximum  parallax  is  plotted  as  a  function  of  the  site  separation  for  ele¬ 
vations  of  10°,  30°,  60°,  and  90°,  and  for  altitudes  between  1000  n.  miles  and 
200,000  n.  miles.  These  curves  were  obtained  from  equations  derived  in  Appendix  II. 

Figures  IV-15  to  19  make  it  possible  to  estimate  for  a  given  altitude  the  reduc¬ 
tion  in  the  effective  field  of  view  of  the  pair  of  sites  imposed  by  the  requirement  that 
the  target  appear  simultaneously  in  the  fields  of  view  of  both  sites. 

As  an  illustration  of  the  application  of  these  results,  a  typical  system  require¬ 
ment  will  be  considered.  Assume  it  is  desired  to  detect  satellites  at  altitudes  be¬ 
tween  1000  n.  miles  and  100,000  n.  miles  at  all  elevations  greater  than  20°,  and  that 
the  threshold  parallax  is  20  seconds  and  the  single  site  field  of  view  is  3°  in  diameter. 
The  minimum  site  separation  necessary  to  detect  targets  at  100,000  n.  miles  altitude 
with  a  threshold  parallax  of  20  seconds  was  shown  earlier  to  be  29  n.  miles.  The 
maximum  elevation  to  be  covered  by  the  system  is  90°  and  therefore  Figure  IV-19 
must  be  used  to  estimate  the  maximum  parallax.  This  figure  indicates  that  for  a 
site  separation  of  29  n.  miles  and  an  altitude  of  1000  n.  miles  a  maximum  parallax 
of  approximately  1.  7  degrees  would  exist,  which  is  0. 565  times  the  single  site  beam- 
width.  From  Figure  IV-15,  this  parallax  results  in  a  reduction  in  the  effective 
coverage  of  0.35. 

Therefore,  for  the  system  considered,  the  requirement  that  both  range  and 
angle  data  be  obtained  by  the  surveillance  system  results  in  a  reduction  by  a  factor 
of  about  three  in  the  coverage  obtained  with  a  pair  of  sensors.  This  reduction  refers 
specifically  to  the  lower  altitude  targets.  As  the  altitude  increases  the  coverage 
approaches  the  single  site  coverage. 

The  above  discussion  assumes  that  in  order  to  be  able  to  measure  the  target 
displacement,  and  therefore  the  range  to  the  target,  it  is  only  necessary  that  the 
target  appear  simultaneously  in  both  fields  of  view.  This  may  be  considered  as  only 
an  ultimate  limit  since,  for  many  cases,  more  stringent  conditions  must  be  required. 
Besides  appearing  in  both  fields  of  view  simultaneously  it  must  be  possible  to  asso¬ 
ciate  the  image  of  the  target  in  one  view  with  that  in  the  other.  If  there  is  only  one 
image  in  each  field  of  view  this  correlation  requirement  is  trivial  and  reduces  to 
the  case  considered  above.  If,  however,  there  are  more  than  one  image  appearing 
In  one  or  both  of  the  fields  of  view  it  is  possible  that  an  image  of  one  target  in  one 
field  of  view  may  be  associated  with  the  image  of  another  target  or  a  false  alarm  in 
the  other  field  of  view.  In  this  case,  an  erroneous  range  measurement  would  result. 
The  probability  of  this  mis -correlation  occurring  will  be  afunction  of  the  size  of 
the  field  of  view,  the  target  population  density,  the  false  alarm  rate,  etc.  Depending 
on  the  magnitude  of  these  factors,  it  may  be  necessary  to  limit  the  maximum  paral¬ 
lax  to  a  vaiue  Less  than  that  indicated  by  the  requirement  that  the  target  appears  in 
both  fields  of  view  simultaneously.  The  maximum  parallax  applicable  in  a  given 
case  musv  be  determined  for  a  specific  system  taking  into  consideration  the  system 
parameters,  and  the  required  system  performance.  Assuming  that  this  maximum 
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parallax  is  known  for  a  particular  system,  the  resulting  constraint  imposed  on  the 
altitude  coverage  may  be  determined  from  Figures  IV-16  to  19. 

For  example,  for  the  system  considered  above,  if  the  maximum  parallax  is 
assumed  to  be  1000  £ec  of  arc  (0.2S8  degrees),  Figure  IV-19  indicates  that  the  mini¬ 
mum  altitude  for  which  all  targets  would  fulfill  this  requirement  is  approximately 
6000  n.  miles.  In  order  to  cover  the  1000-6000  n.mile  altitude  interval  the  site 
separation  must  be  reduced  below  29  n.  miles,  however,  this  would  result  in  a  loss 
of  coverage  at  the  high  altitudes.  In  order  to  cover  the  whole  altitude  interval  a 
third  site  would  be  necessary  which  would  be  separated  from  one  of  the  other  two 
sites  by  a  distance  somewhat  less  than  29  n.  miles.  In  this  way  one  pair  of  sites 
would  cover  the  high  altitude  targets  while  the  other  pair  would  cover  the  low  alti¬ 
tude  targets. 

The  above  discussion  indicates  that  the  range-angle  mode  of  operation  for  the 
bi-static  system  imposes  additional  requirements  or  the  system  configuration  which, 
in  certain  cases  may  make  this  mode  of  operation  undesirable.  In  general,  the 
coverage  obtained  in  the  range-angle  mode  is  less  than  that  of  a  comparable  system 
operating  in  the  angle  only  mode.  This  is  particularly  true  when  coverage  over 
large  altitude  intervals  is  required.  The  curves  presented  above  may  be  used  to 
estimate  the  coverage  loss  as  a  function  of  the  system  configuration  and  performance 
requirements.  In  order  to  determine  the  desirability  of  operating  a  particular  sys¬ 
tem  in  one  mode  or  the  other,  this  coverage  loss  should  balanced  against  what¬ 
ever  advantages  the  range-angle  mode  might  have  from  the  standpoint  of  trajectory 
estimation. 

2.  THRESHOLD  MOVEMENT  FOR  STEREO  SYSTEM 


Stereo  detection  (lack  of  cancellation  which  can  be  considered  a  target)  requires 
a  relative  position  displacement,  between  the  two  site  images,  which  is  significantly 
larger  than  the  average  misregistration  of  star  positions.  If  the  misregistration  is 
random,  and  its  sigma  can  be  determined,  a  detection  misregistration  limit  of  8 
sigma  would  give  a  false  alarm  rate  of  approximately  10"3.  So  1  out  of  jvery  1000 
stars  detected  would  be  called  a  target,  which  would  result  in  too  many  false  alarms. 


Therefore,  it  is  assumed  that  the  minimum  "detection"  misregistration  should 
be  at  least  4  times  the  average  misregistration  sigma.  Unfortunately,  most  of  the 
misregistration  errors  which  have  been  tabulated  are  "maximum"  errors,  and  these 
"maxima"  all  occur  at  the  edges  of  the  image  are*.  Assuming  the  worst  case  near 
the  edges,  and  also  assuming  that  these  edge  errors  are  approximately  3  sigma,  the 
overall  3  sigma  stereo  registration  error  is: 


Image  Dancing: 

Sweep  Registration: 

0.  2 %  x  1000  lines  x  10 

Refraction  Differential  Error: 
Due  to  different  pointing  angles 
360°  v  r* _ _  ooO 


21700  nm 


x  50  nm 


,  83c 


G  sec 
20  sec 


G  le? 

A#  due  to  non-fiat  earth. 


Synchronization  Jitter  (60  x  io~9  sec):  10  Sec 


ttm 


IV  -33 


|P*  - - 

Two  Mount  Pointing  Registration  Error:  30  sec 
|  A  programmed  A 6  bias  is  assumed. 

Total  3c  of  Misregistration  (/ec^):  38.4  sec 

Position  Displacement  for  Detection  Threshold  (4c):  51  sec 

1  This  "detection"  threshold  does  not  consider  image  size  spread.  If  a  suitable 

method  of  measuring  image  centers  is  employed,  image  spread  due  to  intensity  above 
;  detection  threshold  can  be  neglected.  The  problem  of  measuring  the  image  center 
I  due  to  relative  image  motion  during  expc  sure  is  different,  because  the  image  spread 

|  is  not  symmetrical  in  both  dimensions.  The  "detection"  threshold  is  approximately 

5  scan  lines  of  movement,  and  most  detected  images  are  2  or  more  scan  lines  in 
diameter.  A  system  which  requires  a  detection  displacement  large  enough  so  there 
;  is  no  common  area  between  the  two  target  images,  would  require  about  1.  5  times 
the  displacement  as  a  system  which  measured  the  position  of  image  centers. 

3.  STEREO  ADVANTAGES  AND  DISADVANTAGES 

This  list  is  brief  and  is  not  inclusive. 

Advantages : 

1)  Immediate  recognition  (detection)  of  targets. 

2)  Additional  information  from  the  displacement  angle  of  a  target  image, 
at  the  two  or  more  sites.  This  information  (if  available)  can  be  used 
to  calculate  approximate  target  range. 

3)  No  image  storage  requirement. 

Disadvantages: 

1)  Operation  time  is  weather  limited.  Both  sites  require  clear  weather, 
with  any  moving  or  stationary  clouds  causing  false  alarms. 

2)  Requires  duplicate  systems  with  at  least  2  mounts,  2  telescopes,  and 
2  cameras. 

8)  The  mounts  have  to  be  ultra -precise  and  programmed  for  the  non-flat 
;  earth  bias  pointing  error.  The  alternative  is  a  mount  pointing  servo 
i  to  minimize  non-cancelled  video,  with  a  loss  of  viewing  time  required 

!  to  servo  the  mount  before  an  image  can  be  taken. 

i 

4)  The  requirement  of  a  communication  link  with  enough  bandwidth  to 
transmit  the  complete,  agannert  image,  in  real  time. 

>4.  8YSTEM  ARRANGEMENTS 

Multiple  site  stereo  systems  can  be  considered  in  hybrid  configurations: 

1)  Stereo  used  only  for  long  range  (small  relative  velocity)  separation,  in 
conjunction  with  a  storage  tube  MTI  using  only  one  short  range  (small 
time)  image  storage  at  the  main  site, 

2)  Stereo  used  to  collect  additional  displacement  angle  information  only, 
with  the  stereo  site  remotely  operated  from  the  main  site. 

3)  Other  hybrid  systems. 
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The  choice  of  a  complete  system  should  consider  hybrid  configurations.  In 
general  the  problem  of  separation  lends  itself  to  hybrid  systems.  Another  problem 
that  might  be  best  solved  by  a  "multiple1'  system  is  the  determination  of  target  orbits, 
or  the  measurement  of  separated  (detected)  target  angle  versus  time  data  points.  A 
system  designed  for  target-star  separation  might  operate  more  efficiently,  if  any 
"detected"  target  could  be  handed  over  to  an  auxiliary  tracker  optic  system.  This 
tracker  could  give  accurate  angle  versus  time  information,  for  longer  measurement 
times  and  better  orbit  predictions. 

D.  THE  M.T-1.  DELAY  INTERVAL-TEMPORARY  CATALOG  SPACE  SURVEIL¬ 
LANCE  SYSTEM 

In  the  M.  T.  I.  system  two  time  separated  images  are  compared  on  an  element 
by  element  basis.  If  an  image  occurs  in  nearly  the  same  position  in  both  views  it 
is  considered  to  be  a  star  and  is  cancelled.  If,  however,  a  source  does  not  o»_cur 
in  nearly  the  same  position  in  both  images,  it  is  considered  to  be  a  target  and  ac¬ 
cepted  for  further  processing. 

This  comparison  procedure  may  be  the  same  as  that  employed  in  the  baseline 
system,  and,  as  in  the  baseline  system,  a  threshold  displacement  will  exist  which 
a  source  must  have  to  be  considered  a  target.  This  threshold  displacement  must  be 
greater  than  the  maximum  displacement  which  a  star  image  will  encounter  due  to 
mis -registration.  The  maximum  star  displacement  will  be  determined  by  all  the 
errors  throughout  the  system  which  contribute  to  mis-registration  of  the  two  views. 

The  apparent  motion  of  a  satellite  relative  to  the  star  background  as  seen  by  an 
observer  on  earth  is  due  to  two  effects:  first,  the  orbital  motion  of  the  satellite 
will  in  general  contribute  to  the  apparent  motion  and  second,  the  rotation  of  the  earth 
with  the  resulting  displacement  of  the  observer  causes  an  apparent  shift  of  the  satel¬ 
lite  due  to  parallax. 

1.  DISPLACEMENT  DUE  TO  EARTH  ROTATION 

In  considering  the  effect  of  the  earth's  rotation  on  the  apparent  position  of  a 
body  in  space,  the  body  is  considered  to  be  stationary  in  space  and  all  the  apparent 
motion  is  considered  to  be  due  to  the  motion  of  the  observer.  Since  the  observer 
is  on  the  rotating  earth,  if  he  looks  at  the  body  at  two  different  times  he  will  be 
looking  at  it  from  two  different  positions  in  space  and  the  body  will  appear  to  shift 
relative  to  the  star  background.  See  Figure  IV-20A,  This  is  essentially  a  parallax 
effect  and  the  amount  of  apparent  displacement  will  be  a  function  of  the  altitude  of 
the  body  and  the  distance  the  observer  has  moved  between  looks.  Therefore,  if  the 
site  displacement  is  known,  Figures  IV- 11  to  14  and  16  to  10  may  be  used  to  deter¬ 
mine  the  minimum  and  maximum  displacement  of  a  stationary  body  as  seen  from  a 
rotating  earth. 

The  site  displacement  due  to  earth  rotation  for  a  given  time  lapse  will  vary  with 
the  latitude  of  the  observation  site.  The  site  displacement  is  plotted  in  Figure  IV- 
20B  from  equations  derived  in  Appendix  III. 

Using  the  site  displacements  obtained  from  Figure  IV-20B  in  conjunction  with 
Figures  IV-16  to  19  the  maximum  angular  displacement  of  the  body  due  to  earth 
rotation  may  be  determined  as  a  function  of  time,  for  a  given  altitude,  slevation 
and  site  latitude.  A  more  useful  quantity  which  can  be  determined  from  the  same 
curves  Is  the  apparent  maximum  angular  velocity  of  the  body  due  to  earth  rotation. 
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Figure  IV-20A. 


When  this  is  done  it  is  found  that  the  apparent  angular  velocity  is  nearly  constant 
over  a  wide  range  of  time  lapses.  This  angular  velocity  is  plotted  in  Figure  IV-21 
as  a  function  of  the  altitude  of  the  body  and  the  latitude  of  the  observer,  assuming 
that  the  body  is  directly  above  the  site  (E  =  90°).  Since  the  largest  parallax  will 
occur  tor  E  -  90°,  Figure  IV-21  represents  the  maximum  angular  velocity  due  to 
earth  rotation  alone  which  can  be  observed  at  any  elevation. 

2.  DISPLACEMENT  DUE  TO  ORBITAL  MOTION 

The  effect  of  the  orbital  motion  of  a  body  in  space  on  the  apparent  displacement 
of  the  body  as  seen  by  an  observer  on  earth  may  be  evaluated  by  considering  the 
earth  as  non-rotating  with  the  body  in  orbit  about  it. 

The  maximum  and  minimum  angular  velocities  of  a  body  relative  to  an  observer 
on  a  stationary  earth  are  plotted  in  Figure  IV-22  as  a  function  of  the  altitude  and  the 
elevation  of  the  body  as  seen  by  the  observer.  The  calculations  resulting  in  these 
curves  are  presented  in  Appendix  III.  In  these  c  alculations  it  is  assumed  that  the 
maximum  angular  velocity  at  a  given  altitude  would  correspond  to  that  of  a  body  in 
an  orbit  with  an  eccentricity  of  1. 0  and  with  a  perigee  at  that  height.  The  minimum 
Angular  velocity  was  assumed  to  correspond  to  the  apogee  angular  veiocitv  of  a  body 
I#  an  orbit  with  an  eccentricity  of  0.  8. 

Comparing  Figures  IV-21  and  22  it  is  evident  that  the  maximum  angular  velocity 
due  to  orbital  motion  is  much  larger  than  that  due  to  earth  rotation  so  that  when 
considering  the  maximum  angular  velocity  which  will  be  observed  the  effect  due  to 
earth  rotation  may  be  neglected. 

The  minimum  angular  velocity  which  will  be  observed  will  occur  when  the  angu- 
iar  velocity  due  to  orbital  motion  and  that  due  to  earth  rotation  are  in  opposite  diree- 
tions  and  as  nearly  equal  as  possible.  The  minimum  total  angular  velocity  will  be 
Approximately  equal  to  the  difference  between  the  angular  velocity  due  to  orbital 
motion  and  that  due  to  earth  rotation. 
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Figure  IV-20B.  Ml*  Displacement  Due  to  Earth  Rotation 


From  Figures  IV-21  and  22  it  may  be  seen  that  the  orbital  component  of  the  | 
angular  velocity  will  be  greater  than  the  rotational  component  for  all  altitudes  less 
than  about  200,000  n.  miles.  The  exact  height  at  which  the  rotational  and  orbital 
Components  can  be  equal  will  vary  with  the  latitude  of  the  observer.  Above  that 
maximum  altitude,  the  minimum  observed  angular  velocity  can  be  zero. 

In  Figure  IV-23  the  minimum  possible  angular  velocity  is  plotted  as  a  function 
of  the  altitude  for  observers  at  various  latitudes.  These  curves  are  obtained  by 
taking  the  difference  between  the  u>min(E  -  90°)  curve  of  Figure  IV-22  and  the  curves 
of  Figure  IV-21.  The  Wmax(E  90°)  curve  of  Figure  IV-22  is  also  plotted  to  repre¬ 
sent  the  •  verall  maximum  angular  velocity  which  may  be  observed.  Figure  IV-23, 
therefore,  defines  the  range  of  angular  velocities  which  a  body  In  space  orbiting  the 
earth  may  be  assumed  to  have  relative  to  an  observer  on  earth. 
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Figure  IV-22.  Maximum  .<  id  Minimum  Angular  Velocity  Relative  to 

Site  oi-  Stationary  Earth 


The  time  lapse  between  looks  necessary  to  insure  that  the  apparent  displacement 
of  the  body  between  looks  exceeds  the  threshold  tl>  ^placement  may  be  determined  by 
dividing  the  threshold  angular  displacement  by  the  minimum  angular  velocity  given 
in  Figure  IV-23.  The  threshold  Ume  lapse  is  plotted  in  Figure  IV-24  as  a  function 
of  the  attitude  of  the  body  and  the  threshold  displacement,  d-r,  assuming  a  site  lati¬ 
tude  of  45°, 

In  general,  a  maximum  desirable  displat,  mr-nt  between  views  will  exist,  which 
may  be  determined  by  the  necessity  of  correlating  the  successive  positions  oi  the 
body  with  each  other  to  establish  the  body's  motion  or  to  track  the  body,  If  the  time 
lapse  is  too  large,  the  bodies  with  the  larger  angular  velocities  may  be  displaced  so 
far  from  look  to  look  that  it  may  be  impossible  to  determine  whether  or  not  it  is  the 
same  body.  The  maximum  acceptable  displacement  will  be  determined  by  the  track¬ 
ing  requirements  of  the  system,  and  by  the  target  population  density  which  the  sys¬ 
tem  is  likely  to  encounter.  Assuming  the  maximum  displacement  is  known,  the 
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Since  both  a  minimum  time  lapse  and  a  maximum  time  lapse  are  defined  for 
each  altitude  it  follows  that  a  given  time  lapse  will  not  necessarily  suffice  for  all 
altitudes.  In  general,  the  height  interval  over  which  a  given  time  lapse  between 
locks  will  be  adequate  will  be  limited  and,  therefore,  if  a  large  height  interval  is  to 
be  surveyed  it  may  be  necessary  to  employ  a  number  of  different  time  lapses. 

Figures  IV-24  and  25  define  the  time  lapse  requirements  which  a  single  site 
M.  T.  I.  space  surveillance  system  must  fulfill  if  a  desired  coverage  is  to  be  assured. 
As  an  example  of  their  application  consider  the  following  typical  system  requirement: 

The  system  must  be  able  to  detect  all  bodies  between  1000  n.rni  and  100,000 

n.  mi  altitude.  The  threshold  displacement  is  6^.=  20  sec  and  the  maximum 

displacement  is  dw  -  1000  sec. 

In  order  to  detect  targets  at  100,000  n.  miles  a  time  lapse  of  at  least  55  seconds 
between  looks  is  required,  as  indicated  by  Figure  IV-24.  Figure  IV-25  indicates 
that  the  minimum  altitude  which  may  be  completely  covered  with  a  time  lapse  of  55 
seconds  is  23,500  n. miles,  since  below  that  altitude  this  time  lapse  causes  an  ex¬ 
cessive  angular  displacement.  Therefore,  in  order  to  insure  coverage  below  23,500 
nautical  miles  a  shorter  time  lapse  between  looks  is  necessary. 

From  Figure  IV-24,  the  minimum  time  lapse  required  to  detect  all  the  targets 
at  23,500  n.  miles  altitude  is  4.  2  seconds.  Figure  IV-25  indicates  that  a  time  lapse 
of  4.2  seconds  will  provide  coverage  down  to  2600  n.  miles.  Therefore,  even  with 
a  time  lapse  of  55  seconds  and  another  of  4.2  seconds  the  desired  coverage  is  not 
obtained  and  a  third  time  lapse  is  required. 

The  minimum  time  lapse  which  provides  full  coverage  at  3600  n. miles  is  ap¬ 
proximately  0. 3  seconds,  as  seen  from  Figure  IV-24.  This  time  lapse  will  provide 
full  coverage  well  below  1000  n.  miles,  as  inuicated  by  Figure  IV-25. 

Therefore,  in  order  to  obtain  full  coverage  over  the  1000  -  100,000  n.mile 
altitude  interval  with  the  assumed  system  it  will  be  necessary  to  look  at  a  particular 
field  of  view  at  one  time,  look  again  a  few  tenths  of  a  second  later,  look  again  a  few 
seconds  later,  and  finally  look  at  the  same  field  of  view  about  a  minute  later.  Com¬ 
paring  the  first  look  with  the  second  look  would  permit  detection  of  the  low  altitude 
targets;  comparing  the  first  look  with  the  third  look  would  permit  detection  of  the 
intermediate  altitude  targets;  and  the  comparison  of  the  first  and  fourth  looks  would 
permit  detection  of  the  high  altitude  targets. 

The  above  example  illustrates  the  manner  in  which  the  curves  presented  above 
may  be  utilized  in  determining  the  timing  requirements  of  the  M.  T.  I.  system  If  tha 
threshold  displacement  and  maximum  displacement  are  known.  These  limiting  dis¬ 
placements  will  be  a  function  of  the  M.T,  I.  capabilities,  the  threat  model,  and  the 
system  requirements  and  must  be  specified  on  an  individual  system  basis. 

3.  EQUIPMENT  ASPECTS  OF  THE  M.  T.  I.  TECHNIQUE  SPACE  SURVEILLANCE 

SYSTEM 

The  basic  scheme  used  to  detect  the  apparent  motion  is  to  store  a  frame  of  the 
video  signal  output  from  the  I.  O.  Sensor  Electronics  (camera)  and  then,  while  keep¬ 
ing  the  "looking"  position  fixed  on  the  same  celestial  field,  electronically  compare 
successive  video  frames  with  the  one  stored  and  record  the  difference.  As  long  as 
all  objects  are  stationary  in  the  field  of  view,  the  video  signals  from  the  camera 
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will  be  coincident  with  those  from  the  recorder.  The  video  comparator  circuits  are 
arranged  so  that  no  output  is  produced  by  coincident  inputs  and  no  signals  are  fed  to 
monitor  or  output  when  an  object,  whose  position  has  shifted  between  the  time  of 
recording  and  comparison,  will  generate  signal  which  will  appear  on  the  monitor 
and  at  the  output.  Thus,  the  monitor  screen  will  remain  completely  dark  except 
when  a  moving  target  is  present.  Such  a  visual  display  can  be  incorporated  into  a 
manual  acquisition  system  requiring  a  human  operator,  or  the  comparator  output 
signal  after  suitable  processing  may  be  used  to  actuate  an  automatic  target  alarm 
or  system  as  required  by  the  application. 

One  of  the  main  problems  involved  in  such  an  M.  T.  I.  concept  is  that  of  rapidly 
recording  video  information  with  adequate  resolution,  immediate  availability  of 
electrical  readout  and  finally  complete  and  rapid  erasure  at  end  of  the  cycle.  To 
accomplish  this,  an  electrostatic  image  storage  tube  having  direct  electrical  read¬ 
out  was  chosen.  A  storage  tube,  which  has  a  single  electron  gun  (used  for  both 
writing  and  reading)  magnetic  focus  and  magnetic  deflection,  is  suited  to  this  appli¬ 
cation  if  (1)  it  has  similar  resolution  capability  to  that  of  the  image  orthicon  used  in 
the  cameras,  (2)  readout  is  non-destructive  thus  allowing  for  extended  comparison 
periods,  and  since  (3)  its  single  electron  gun  and  deflection  yoke  mean  that  mis¬ 
registration  between  writing  and  reading  scan  patterns  is  minimized.  This  last 
item  of  registration  is  extremely  important  in  a  system  which  depends  upon  accurate 
time  co-incidence  comparison. 

Figure  IV-26  shows  an  overall  block  diagram  of  a  typical  MTI  delay  interval 
system .  Basically  the  system  consists  of  the  storage  tube  with  its  associated  focus 
and  deflection  coils  (omitted  from  the  figure  to  save  space)  a  mode  switching  unit 
for  controlling  the  storage  tube  gun  bias  and  storage  screen  bias,  an  image -orthicon 
sensor  camera  chain  which  feeds  video  signals  and  blanking  to  the  storage  tube,  an 
output  video  amplifier,  and  a  comparator  unit  which  receives  the  video  output  from 
the  storage  tube  and  compares  it  with  the  camera  chain  output.  The  video  output 
from  the  camera  chain  is  delayed  slightly  to  compensate  for  the  delay  in  the  storage 
tube  output  amplifier.  The  output  of  the  comparator  is  displayed  on  a  standard 
monitor  screen.  In  order  to  provide  for  I.  O.  integration  over  several  frame  periods 
when  looking  for  faint  targets,  a  gating  unit  is  included  which  can  hold  the  I.  O.  beam 
off  while  keeping  the  photocathode  turned  on  for  a  preselected  number  of  frames. 

The  I.  O.  beam  Is  then  turned  on  for  one  scan  to  produce  a  single  frame  of  video 
output  and  the  cycle  is  repeated.  This  gating  unit  is  controlled  by  a  program  unit 
driven  by  the  chain  vertical  sync.  In  the  system  bread  board  on  a  G.  E.  fund  pro¬ 
gram  for  feasibility  tests,  the  program  unit  also  controls  the  storage  tube  mode 
switching  unit  and  provides  gating  for  the  storage  tube  beam  in  synchronism  with 
that  supplied  to  the  I.  O.  beam  by  the  1. 0.  gating  unit.  The  program  can  be  set  to 
provide  for  storage  tube  integration  during  the  write-in  mode  by  allowing  several 
successive  video  frames  to  be  written.  Finally,  the  program  unit  also  controls  the 
duration  of  the  readout  tad  comparison  period,  that  is,  the  number  of  successive 
video  frames  with  the  camera  that  are  compared  with  the  stored  image  on  die 
storage  tube. 

Figure  IV-27  is  a  photograph  of  the  G.E.  breadboarded  laboratory  model.  The 
camera  chain  is  on  the  cart  at  the  left  of  the  picture  while  the  MTI  equipment  proper 
is  mounted  in  the  rack  at  the  right.  The  I.  O.  camera  is  on  the  middle  shelf  of  the 
cart  and  the  monitor  is  on  top  with  the  video  and  sync,  chassis  at  the  left.  The 
I.O.  gating  unit  is  the  chassis  Just  beside  the  camera. 
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Figure  IV -26. 

Basic  MTI  System 

Most  of  the  MTI  rack  is  occupied  by  power  supplies;  the  two  units  near  the 
middle  being  the  storage  tube  unit  and  the  program  unit.  The  selector  switches 
on  the  front  of  the  program  unit  are  used  to  set  up  the  desired  I.  O.  integration 
period,  storage  tube  integration  period  and  readout  period. 

We  have  discussed  the  possibility  of  storing  and  comparing  the  output  signal 
directly  as  obtained  from  the  I.O,  camera  output.  From  our  experience  with  the 
laboratory  model,  additional  features  must  be  Incorporated  in  the  system  in  order 
to  effect  a  maximum  degree  of  noise  suppression  and  get  full  use  of  the  available 
dynamic  range  of  the  I.  O. 

From  our  observatory  tests,  it  has  been  found  that  a  dynamic  range  of  from 
10  star  magnitudes  (an  Intensity  range  of  104)  to  12-1/2  mag  (1G5  intensity)  will  be 
obtained  from  the  I. O.  The  Absolute  limiting  magnitude  detectable  by  the  I.O.  is 
dependent  upon  three  factors : 

1.  The  integration  time  allowed  on  the  I.  O.  target. 

2.  The  aperture  of  the  optical  telescope. 

3.  The  sky  background  illumination. 
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,  From  this  limiting1  magnitude  of  detection  to  approximately  two  magnitudes  be¬ 
low  this  threshold,  when  using  medium  and  large  f/number  optics,  the  principal 
source  of  noise  is  that  of  the  I.  O.  beam  itself.  Therefore,  even  under  ideal  condi¬ 
tions,  noise  discrimination  in  this  range  is  extremely  difficult.  (When  using  small 
f/number  optics  the  background  noise  will  similarly  set  a  limit  generally  about  the 
same  amount.  See  discussion  in  Section  n. )  At  magnitudes  of  two  or  more  below 
limiting  magnitude,  however,  suitable  processing  of  the  video  signal  will  give  suf¬ 
ficient  additional  noise  discrimination  beyond  that  obtained  by  integrating  a  number 
of  frames  on  that  I,  O.  and  on  the  storage  tube  so  that  accurate  signal  comparison 
can  be  accomplished.  For  example  the  video  signal  may  be  fed  to  a  Schmitt  trigger, 
so  designed  as  to  accept  only  a  rise  time  typical  of  a  star  image.  This  gives  addi¬ 
tional  discrimination  against  noise  pulses  having  rise  times  either  slower  or  faster 
than  that  of  the  desired  star  pulse. 

In  order  to  operate  in  the  range  of  two  magnitudes  below  the  limiting  magnitude, 
however,  there  may  be  an  advantage  in  using  two  storage  tubes;  one  recording  the 
visual  field  at  some  time  later  than  the  other,  and  then  comparing  the  two  readouts. 
This  may  give  a  maximum  of  noise  suppression  in  both  comparator  input  channels 
over  a  single  storage  in-out-read  system. 

At  the  present  time,  the  G.  E.  breadboard  single-tube  MTI  system  does  incor¬ 
porate  a  Schmitt  trigger  video  processing  circuit.  To  show  the  appearance  of  the 
processed  video  signals  on  the  monitor  screen,  and  to  demonstrate  the  operation  of 
the  system  in  the  laboratory  we  are  using  a  star  field  simulator  consisting  of  a  group 
of  holes  punched  into  a  piece  of  black  cardboard  and  illuminated  from  behind.  Fig¬ 
ure  IV-28  A  and  B  shows  the  processed  video  signals,  which  have  been  recorded  and 
read  out  from  the  storage  tube,  displayed  on  the  monitor  screen.  The  extra  star  in 
the  bowl  of  the  dipper  is  supposed  to  represent  a  target  in  the  field.  Actually,  the 
background  of  the  monitor  screen  can  be  made  completely  dark  but  we  deliberately 
brightened  it  for  the  photograph  in  order  to  outline  the  monitor  screen  edges. 

4.  CONCLUSIONS 

The  MTI  system  based  upon  the  electrostatic  image  storage  technique  has  been 
shown  to  be  quite  feasible.  While  the  performance  tests  made  to  date  have  not  es¬ 
tablished  the  ultimate  limit  of  the  system,  it  has  been  demonstrated  that  complete 
target  detection  and  MTI  of  magnitude  7  and  smaller  stars  can  be  attained  with  a 
4  inch  aperture  lens  using  a  1/30  second  exposure  time.  Under  these  conditions  an 
angular  displacement  between  pictures  of  only  5  minutes  (150  sec)  angular  move¬ 
ment  or  5  scan  lines  is  required  for  noncaneeDation  using  the  4 -inch  f/5  telescope. 
This  is  quite  encouraging  since  the  limiting  magnitude  for  the  4 -inch  aperture  at 
i/30  second  exposure  is  about  magnitude  8.5.  It  would  appear  from  this,  then,  that 
detection  very  close  to  limiting  magnitude  could  be  achieved  if: 

1)  Noise  suppression  other  than  by  simple  bandwidth  limiting  (such  as  pulse 
width  discrimination  or  line-to-iine  correlation)  were  used. 

2)  The  broad,  low-amplitude  target  signals  produced  by  very  bright  objects 
when  operating  the  I,  O.  over  a  very  wide  dynamic  range  were  remo ,  ed, 
by  appropriate  gating,  from  the  video  signal  beicr  ~  feeding  to  the  MTI 
system. 

Registration  should  not  limit  the  ultimate  performance  of  a  storage  tube  MTI, 
with  careful  scan  design. 
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Any  storage  tube  MTI  system  will  have  to  consider  the  loss  of  image  orthicon 
view  time,  with  more  than  storage  tube  required  for  each  image  ortnieon  unless  the 
orthicon  is  going  to  have  a  long  photocathode  integration  time  of  i/2  second  or  greater. 
The  storage  tube  cannot  store  and  read  off  more  than  1  picture  every  second  plus 
twice  the  scan  period. 

The  storage  tube  with  Schmitt  Trigger  electronic  peak  detection  and  good  regis¬ 
tration  should  be  able  to  cancel  all  non-moving  objects  that  the  Schmitt  Trigger  can 
detect.  It  will  also  cancel  most  low  velocity  objects  that  move  less  than  1/100  of 
the  field  of  view  between  the  present  and  the  stored  view  field.  The  electronic  de¬ 
tection  loss,  compared  to  the  eye  view  of  the  same  single  scan  of  the  field,  is  esti¬ 
mated  to  be  about  2  magnitudes.  This  is  an  intensity  loss  of  6.  3  to  1.  This  means 
if  the  specific  telescope  and  image  orthicon  can  detect  stars  visually  from  1  to  13 
magnitudes  in  one  scan,  the  storage  tube  will  store  and  the  electronics  will  cancel 
stars  from  1  to  11  magnitudes,  and  the  system  will  detect  objects  that  move  1/100 
or  more  of  the  view  field  between  stored  and  compared  scans,  if  they  are  1  to  11 
magnitude  in  intensity. 

5.  EQUIPMENT  VARIATIONS  FOR  THE  M.T.  I.  TECHNIQUE 

A  variation  of  this  M.  T.  I.  method  is  to  use  two  storage  tubes  (or  devices);  one 
for  the  present  and  one  for  the  delayed  frame.  Then  compare  the  stored  signals  or 
videos.  This  method  suffers  ia  registration,  because  now  the  mis -registration  or 
difference  in  write-in  and  readout  of  two  storage  tubes  has  to  be  considered.  There 
are  no  linearities  involved. 

This  system  offers  a  possible  advantage  in  some  noise  cancellation;  however, 
the  advantage  is  small  if  any. 

Another  variation  is  to  use  two  I.  O.  's:  one  exposed  now  but  not  readout  until 
the  end  of  delay  interval  when  both  I.  O.  's  are  read  out  simultaneously  and  compared. 
In  this  case  the  registration  of  a  pair  of  tubes  is  involved  but  since  the  sweeps  are 
driven  from  a  common  source  this  is  minimized  to  the  registration  of  two  I.  O.  's 
(similar  to  color  TV  or  0. 16%). 

The  advantages  of  the  single  site  MTI  (delay  Interval  temporary  catalog)  tech- 
aique  are: 

1)  Fspecially  suited  to  medium  and  fast  moving  satellites. 

2)  Relatively  the  simplest  system  with  minimum  alignment  requirements. 

Hie  disadvantages  of  the  single  site  M.  T.  I. : 

1)  Not  readily  suited  to  very  slow  moving  (near  sidereal  rate  objects). 

2)  Required  special  recording  and  comparison  (several  minutes)  for  slow 
rate  objects. 

E.  FILM  CATALOG  (IMAGE  CANCELLATION)  SEPARATION  TECHNIQUE 

The  film  catalog  image  cancellation  system  places  a  film  image  "negative"  at 
the  image  plane  of  the  primary  optics.  The  film  has  been  previously  exposed  to 
the  same  field  of  view.  The  film  density  is  high  in  image  areas  of  low  magnitude, 
high  intensity  stars.  The  primary  lone  image  plane  is  viewed  by  the  image  orthicon 
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using  a  secondary  "relay"  lens.  If  the  film  density  is  high,  with  a  corresponding 
low  transmission,  the  corresponding  star  image  will  be  attenuated  and  will  not  be 
detected  by  the  image  orthicon. 

This  image  plane  ••'ancellation  of  star  images  is  one  method  of  separation.  It 
has  many  problems: 

1.  Registration  of  film  at  image  plane. 

a)  Mechanical  accuracy  of  mount  and  film  holder. 

b)  Refraction  bias  pointing  error. 

c)  Differential  refraction  across  the  field  of  view. 

2.  Film  requirements. 

a)  Exposure  time  to  develop  the  film  catalog. 

b)  High  density  required  for  cancellation  (may  be  5  or  6). 

c)  Film  image  size  to  relieve  the  registration  problem. 

d)  Small  fog  level  to  minimize  detection  loss  of  targets. 

Some  of  the  problems  of  a  film  catalog  image  cancellation  system  are  analyzed 
in  Appendix  I-b:  Application  (Probability  of  Occultation)  to  Photographic  Mask 
Separation.  This  portion  of  Appendix  I  considers  the  required  film  gamma  and 
maximum  density,  to  assure  no  loss  of  image  detection  area  due  to  image  orthicon 
spread.  Some  of  the  exposure  time  requirements  are  covered  in  Section  IV-F. 

The  summary  of  Separation  System  advantages  and  disadvantages  Section  IV-G 
includes  the  Film  Catalog  Image  Cancellation. 

F.  VIDEO  CATALOG  CANCELLATION  TECHNIQUE  USING  FILM  NEGATIVES 

The  video  catalog  cancellation  technique  uses  a  film  negative  previously  exposed 
by  fhe  primary  viewing  optics.  The  film  catalog  is  flying  spot  scanned  during  opera¬ 
tion,  with  element  by  element  registration  compared  to  the  scanned  image  orthicon 
output.  The  flying  spot  catalog  scan  is  converted  to  a  video  signal,  and  in  those 
areas  that  have  a  catalog  star  video  signal,  the  image  orthicon  video  is  cancelled. 
This  system  is  similar  to  image  catalog  cancellation,  with  similar  problems: 

1)  Diffractive  errors  across  the  field  of  view  if  mask  was  exposed  at  different 
elevation  angle  from  the  operating  elevation  angle. 

2)  Image  size  requirement  for  cancellation  due  to  misregistration. 

3)  Mechanical  problems  of  mask  storage  and  registration  alignment. 

The  differences  between  image  cancellation  and  video  cancellation  include: 

1)  Increased  image  spread  (occultation)  using  video  cancellation. 

2)  Difference  between  I.  O.  image  size  and  catalog  image  size  using  video 
cancellation.  The  change  of  image  size  due  to  intensity  change  of  star 
magnitude  would  be  different  on  the  film  catalog  and  image  orthicon  image. 

3)  Possibility  of  electronic  registration  and  change  of  sweep  slope  on  the  fly¬ 
ing  spot  scanner  sweep,  to  reduce  the  position  and  differential  diffraction 
errors  of  video  cancellation. 


The  following  discussion  will  include  the  topics: 


FI.  Differential  Refraction 
F2.  Obtaining  the  Catalog 
F‘3.  Updating  Catalog 
F4.  Registration 
F5.  Equipment  Arrangement 

F6.  Image  Cancellation  Compared  with  Video  Cancellation 
1.  DIFFERENTIAL  REFRACTION 

The  general  problem  of  differential  refraction  resembles  that  of  astrometry, 
except  that  we  are  not  dealing  with  such  high  precision,  instead  of  a  fraction  of  a 
seeonc.  of  arc  we  require  only  a  few  seconds  of  arc.  There  are  certain  inherent 
errors,  some  of  which  we  can  do  away  with  immediately.  Precession  and  Nutation 
effect  the  coordinate  system,  not  the  relative  star  positions.  Thus  they  do  not  enter. 
Refraction  and  Aberration,  sir  -  they  affect  directions,  similarly  do  not  affect  us. 
Differential  effects  across  a  plate  do,  however,  so  we  must  treat  them. 

Differential  refraction  is  effective  only  for  varying  zenith  distances,  not  azimuth. 
If  Z  is  the  apparent  zenith  distance,  and  £  the  true  zenith  distance,  and  0  is  the 
coefficient  of  photographic  refraction  we  have 

A  Z  ~  fi  tan  £ 

is  weakly  dependent  on  S  and  also  on  the  local  temperature  and  pressure,  and  on  the 
effect’ ve  wavelength  of  the  detector.  Usually  photographic  is  taken  as  1. 0155  times 
visual  factor,  but  in  our  case,  since  a  S-20  Image  Orthicon  would  be  used,  as  well 
as  red  sensitive  plates  the  two  factors  would  be  the  seme,  to  a  good  approximation. 

At  large  aenith  distances  the  sensitivity  of  0  to  £  must  be  included  since  it  will 
ehange  across  a  plate,  thus  one  puts 

0  0O  +  0'  tan2  £ 

Even  in  the  most  precise  astrometric  work  higher  orders  terms  in  this  expression 
•re  negligible. 

Assume  a  telescope  is  pointing  at  £  ,  the  totai  refraction  in  zenith  distance  will 
WAS,  as  given  above.  The  differential  refraction  across  a  plate  will  be 

A2Z(At )  =  0  tan  £j  -  0  tan  £2  0  (tan  £2  +  AS  -  tan  f%) 

0  Itan  A?  (1  +  tan  £  1  tan  £g  )) 

0  ItanAf  +  tanA£  tan  tan  £2J 

We  note  that  tanA£  -  .1  for  5°43',  appreciably  longer  than  the  required  field,  and 
0  is  of  the  order  of  a  minute.  Thus,  the  differential  refraction  across  a  plate  is 
roughly 


(.  1  +  .  1  tan“  £  )  minute,  for  a  5-0/4°  field. 
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It  is  obvious  that  this  doubles  at  t  -  45°,  and  climbs  rapidly  at  larger  zenith  dis¬ 
tances. 

Thus,  at  zenith  distances  larger  than  45°  differential  refraction  is  a  real  pro¬ 
blem  . 

This  problem  is  a  predictable  one  however,  and  thus  can  be  compensated  for. 
One  simple  solution  is  to  orient  the  field  so  that  the  horizontal  scan  is  orthogonal 
to  the  vertical  circle  through  the  center  of  the  field.  Thus  a  compensation  could  be 
made  in  the  vertical  scan  circuit  of  the  flying  spot  scanner. 

Aberration  of  a  differential  nature  must  also  be  considered.  If  S  is  the  distance 
of  a  star  from  the  apex  of  the  earth's  motion,  and  k  is  the  constant  of  aberration, 
then  we  have 

AS  -  k  sin  S 

Maximum  aberration  will  be  along  this  line,  and  so  we  may  write, 

A2S*(AS)  =  k  (sin  s)  -  k  sin  (S  +  AS) 

=  k  (sin  s  -  sin  S  +  AS) 

-  k  (sin  S  -  sin  S  Cos  AS  -  Cos  S  sin  A  S) 

Now,  sin  AS  ~  .  1  at  the  same  point  as  the  previous  tangent  function,  so  let  us  again 
take  a  5-3/4°  field.  At  this  point  Cos  AS  ~  .  995,  or  roughly  1.  Thus  we  might  write 

A2S  =  k  (sin  S  -  sin  S  -  Cos  S  (.  1)  ) 

-  k  (-.  1  Cos  S) 

The  factor  k  is  roughly  20",  this  differential  aberration  must  stay  below  2"  of  arc, 
especially  since  all  the  approximations  used  tend  to  increase  it.  Thus  we  may  neg¬ 
lect  it.  We  have  remaining  one  primary  error  that  can  lead  to  difficulties.  This 
is  caused  by  the  misalignment  of  a  plate.  A  photograph  of  the  celestial  sphere  is 
basically  a  projection  of  the  sphere  on  a  tangent  plane  to  the  sphere.  Thus  any  mis¬ 
alignment  leads  to  two  different  tangent  planes,  with  a  resulting  differential  error. 
We  note  that  the  radius  of  this  sphere  is  equal  to  the  effective  focal  length  of  the 
optical  system  used. 

We  let  the  tangent  point,  and  the  origin  of  our  coordinate  system  h  T,  the  Y 
axis  tangent  to  the  declination  circle,  and  X  perpendicular  to  Y,  with  the  unit  of 
distance  being  R,  the  radius  of  the  circle.  Let  P  on  the  sph  re  have  a  projection 
P'  with  coordinates  X  and  Y. 

Transferring  from  one  tangential  coordinate  system  to  another  then  yields 
equations  of  the  form 

X'-X-m+YAP  -  (mX  +  nY)  X 
Y'  -  Y  -  n  -  X  A  P  -  (mX+  nY)  Y 

where  m  and  n  are  simply  shifts  of  the  coordinate  origin,  AP  is  a  rotation,  and  the 

last  term  is  a  change  in  the  unit  of  length.  A  reasonably  large  error  would  be  10-4 
radian.  Thus  a  maxim  m  and  n  would  be  10”4  R,  or  for  a  30"  focal  length,  3  *  10-J 
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inches.  The  change  of  scale  is  then  (mx  -  nY)  X~  3.4  x  10-3  considering  a  1-1/2" 
total  plate  size,  this  Is  within  our  limits  of  error. 

It  can  readily  be  shown  that  the  rotation  is  not  bothersome  either. 

Thus  a  misalignment  of  10~4  radian  will  not  lead  to  errors  that  are  too  large. 

Consider  a  rotational  error,  which  would  enter  onlv  because  of  our  rotation  to 
compensate  for  differential  refraction.  Even  a  coarse  sensor  system  could  hold  - 
minute  of  arc,  or  1/3  *  10-3,  which  obviously  lies  below  ihe  errors  in  the  system 
again.  We  might  summarize  this  discussion  by  saying  that  although  the  effects  pro¬ 
duce  bothersome  errors  in  astrometric  systems,  they  are  just  below  the  point  where 
they  would  make  our  system  difficult. 

In  a  previous  note  it  was  shown  that  0  photographic  comparison  system  was 
reasonable  from  the  time  standpoint.  In  this  note  we  have  shown  that  it  is  reason¬ 
able  from  the  error  standpoint. 

2.  OBTAINING  THE  CATALOG 

To  obtain  a  good  catalog  at  the  capability  level  of  a  good  surveillance  system 
will  require  a  similar  optics  set  up  especially  arranged  for  photographic  exposures. 
Assume,  for  the  purposes  of  discussion,  that  we  are  using  a  40"  f.  1.  system  with  a 
30"  aperture,  f/l.3.  Such  a  system  with  ordinary  plates  such  as  103aO,  would 
probably  have  a  limiting  magnitude  of  17.  5  on  a  moonless  clear  night.  Exposure 
times  for  such  a  system  would  be  approximately  13,  5  minutes  for  the  limiting  mag¬ 
nitude  of  17.5,  5.5  minutes  for  16.5,  1.35  minutes  for  15th  magnitude,  and  0.  135 
minutes  for  12.  5  magnitude.  Assuming  that  16.5  magnitude  is  required,  then  5.  5 
minutes  is  needed  for  a  plate.  Since  we  need  a  separate  plate  for  each  field  for  an 
image  orthicon,  this  means  5.  5  minutes  are  required  for  each  2.  °3  x  2.  °3  d^greb 
field,  or  roughly  1  minute  of  exposure  per  degree-2.  The  observing  efficiency,  in¬ 
cluding  changing  plates  and  fields,  and  an  occasional  'goof'  would  probably  be  as 
about  90%  with  experience.  The  number  of  hours  that  can  be  spent  observing  varies 
with  season  and  location,  but  could  average  eight  hours/day  over  a  year.  At  a  good 
location  it  should  be  possible  to  operate  300  days  per  year  as  a  minimum,  so  that 
2400  hours  are  available.  Discounting  the  bright  moon  nights,  this  would  drop  to 
about  2000  hours/year.  For  a  50%  observing  efficiency  then  it  would  be  possible  to 
cover  6  x  lo4  dej  jrees2 .  For  an  efficiency  of  90%,  instead  of  50%  coverage  would 
be  about  105  degree^2  in  one  year.  This  assumes  such  things  as  automatic  plate 
changing,  and  moving  from  one  field  to  another  adjacent  one.  The  actual  time  to 
create  a  catalog  would  still  be  a  year  to  cover  the  entire  sky,  but  the  problem  of 
weather,  equipment  failures,  and  use  as  a  back  up  telescope  becomes  much  less 
critical.  It  la  also  apparent  that  full  sky  coverage  of  the  system  could  be  made 
available  long  before  the  year  was  up  since  the  plates  could  be  kept  ahead  of  the  sky 
during  the  year.  Thus  the  time  delay  before  full  operation  is  roughly  a  month.  We 
note  also  that  this  is  approximately  the  time  of  the  image  cancellation  system,  since 
it  too  Is  capable  of  keeping  up  with  the  sky. 

3.  UP-DATING  CATALOG 

Since  the  accuracy  of  this  catalog  need  not  be  high,  four  seconds  of  arc  being 
more  than  adequate  for  a  surveillance  system,  proper  motion  of  the  majority  of 
stars  will  not  effect  It  for  a  period  of  years,  ten  years  being  a  safe  figure,  except 
for  a  few  close  stars  of  large  proper  motion  (2  to  3  sec/yr),  Thus  a  small  proportion 
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of  telescope  time  would  be  required  after  the  first  year  to  up-date  the  few  plates 
that  yield  errors.  10%  of  the  time  spent  on  plates  would  seem  reasonable,  and  if 
20%  of  the  operating  time  was  spent  getting  new  plates  the  catalog  would  be  com¬ 
pletely  renewed  in  less  than  five  years.  Thus  if  an  observatory  was  set  up  with  two 
instruments,  surely  a  minimum  from  the  standpoint  of  maintenance,  after  the  first 
year  over  80%  of  the  operating  time  of  the  second  telescope  could  be  spent  checking 
for  satellites,  and  still  have  a  continuously  revised  catalog. 

4.  REGISTRATION 

To  successfully  use  a  photographic  film  negative  catalog,  or  memory,  it  is 
necessary  that  the  photograph  closely  correspond  to  the  sky.  There  are  several 
effects  that  will  affect  this  situation.  These  are  as  mainly, 

1)  Mapping  error,  caused  by  projecting  of  sphere  on  a  plane  photographic 
plate,  and 

2)  Differential  refraction,  causing-  a  scale  change  along  one  direction. 

For  a  typical  surveillance  system  a  differential  refraction  error  of  10  secs, 
across  a  2-1/2  degree  field  is  permissible,  i.e. ,  4  secs  per  degreh.  At  0°  eleva¬ 
tion  we  have  a  differential  refraction  error  of  10 ’36"  approximately.  At  10°  this 
becomes  21  sleek,  at  30°,  -3  seek,  at  40°,  -2  s'ecs,  at  50°,  -1.5  secs,  at  60°,  -1  Seb, 
am  at  70°,  -1  sec.  See  Section  I-C.  Thus  for  elevation  over  25°  differential  refrac¬ 
tion  is  not  a  problem  when  using  2-1/2  to  3  degrees  field  of  view. 

5.  EQUIPMENT  ARRANGEMENT 

A  typical  system  employing  a  flying  spot  scanner  to  read  the  reference  catalog 
for  comparison  with  the  I.  O.  Sensor  video  is  blocked  out  in  Figure  IV-20. 

6.  IMAGE  PLANE  CANCELLATION  VS  VIDEO  CANCELLATION 

An  image  plane  direct  cancellation  system  require*  better  plates  than  video 
comparison  system,  since  the  film  negative  or  plates  act  as  a  filter  In  the  path  of 
the  light. 

The  light  losses  in  a  direct  cancelling  system  (primarily  In  relay  lens  needed) 
is  in  the  order  of  a  magnitude  for  a  well -designed  system.  Exposure  times  to  reach 
16.  5  magnitude  would  be  a  minimum  of  roughly  1/3  second,.,  actually  in  practice 
considering  background  illumination,  a  better  8/N  ratio,  and  a  safety  factor  this 
would  be  of  the  order  of  3  seconds. 

The  fallowing  table  illustrates  an  estimated  comparison  of  the  three  single 
station  catalog  techniques:  Tt  d.T.  I.  delay  Interval  storage,  the  image  plane 
direct  cancelling,  and  the  Cleci ,  ale  or  video  comparison  or  flying  spot  scanner 
type.  It  should  be  readily  hoteo  ittat  the  mount  in  a  critical  Item,  and  close  atten¬ 
tion  should  be  paid  to  it. 
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Figure  IV-29. 


G.  SUMMARY  OF  SEPARATION  SYSTEM  ADVANTAGES  AND  DISADVANTAGES 

The  following  table  is  a  summary  of  advantages  and  disadvantages  ol  the  separa¬ 
tion  techniques  discussed  in  Section  IV. 
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SYSTEM- 

ADVANTAGES 

A>  Ster.  o 
i 
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1)  No  imag»»  storage  require¬ 
ments. 

2)  Aciditiona’  information  of  a 

2  image  relative  displace¬ 
ment  due  to  one  target  is 
possible. 

ii  At  least 

2)  A  fell  1 
tions  1 

2,  Prog  ra¬ 
te  curt 

\)  Image 
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F  >/  Storage 
Tube 
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1)  Image  registration  should  be 
only  the  write-on  to  read- 
off  registration  of  a  storage 
tube,  (except  for  long  stor¬ 
age  times  with  tne  associ¬ 
ated  differential  refraction, 
a  no  mount  pointing  errors.) 

2)  No  film  catalog  or  addi¬ 
tional  sites  are  required. 
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(if  both 
prime  i 
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C)  Film 
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li  Mechanical  registration 
could  be  augmented  bv  DC 
voltage  control  of  flying 
spot  scanner  sweep,  to  ser¬ 
vo  or  microposition  a  film 
catalog  image. 

2)  Bv  changing  the  sweep  volt¬ 
age  slope  of  the  flying  spot 
scanner  in  n  programmed 
manner,  differential  diffrac¬ 
tion  can  be  corrected. 
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H.  SYSTEM  ANGULAR  MEASUREMENT  ACCURACY 


After  Detection  and  Separation  has  been  rccomplished,  a  Space  Surveillance 
System  is  expected  to  generate  angle  measurement  data  for  later  use  in  orbit  pre¬ 
diction. 

The  purpose  of  this  section  is  to  study  the  major  factors  which  influence  the 
accuracy  of  the  reported  target  position  of  an  electro-optical  system.  Since  the 
system  under  consideration  is  passive  in  that  it  employs  the  sun  as  the  primary 
source  of  target  illumination,  the  measured  data  is  limited  to  angle  only  informa¬ 
tion.  This  information  consists  of  angular  components  and  their  associated  times. 

By  investigating  the  influential  factors  of  angular  position  measurement,  an  estima¬ 
tion  of  attainable  accuiacy  can  be  made  in  terms  of  the  hardware  required. 

The  following  list  of  angular  measurement  errors  includes  many  topics  that 
have  already  appeared  in  this  report: 

1.  Atmosphere 

2.  Optics 

3.  Telescope  Mount 

4.  Image  Orthicon  Linearity 

5.  Image  Spread 

After  discussing  these  specific  errors  the  conclusion  will  show  the  system 
angular  accuracy  that  might  result. 

1.  ATMOSPHERE 

The  atmosphere  will  give  a  refractive  pointing  error,  and  an  image  "dancing" 
error.  The  refractive  pointing  error  can  be  programmed  for  standard  temperative- 
pressiire  air  conditions.  There  is  a  deviation  from  standard  refractive  conditions 
that  will  be  considered  random: 

Air  Temperature  (-40°F  to  +100°F)  ±13% 

Atmospheric  Pressure  (28.2  to  32.2  Inches  hg)  ±5% 

The  resultant  RMS  percent  variation  is  14%.  If  continuous  measurements  of  air 
temperature  and  pressure  were  made  at  the  site,  this  RMS  could  be  decreased  to 
±10%.  This  variation  is  approximately  a  ±2  value. 

The  error  across  the  field  of  view  due  to  differential  refraction  has  bpen  dis¬ 
cussed  in  Section  IV-B.  The  "dancing"  error  la  also  discussed  in  Section  IV-B. 

2.  OPTICS 

The  optics  errors  are  usually  not  considered  random.  These  errors  are  either 
pincushion  or  barrel  distortions  of  image  position  versus  object  angular  position, 
and  are  covered  in  Section  Q-A  sad  Section  IV-B. 
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3.  TELESCOPE  MOUNT 


The  effect  of  the  electro-optical  positioning  equipment  upon  the  ability  to  meas¬ 
ure  the  angular  position  of  a  body  in  space  will  now  be  considered. 

A  model  illustrating  the  sign1  fi  cant  factors  of  positioning  is  shown  in  Figure 
IV-30.  The  absolute  reference  is  taken  as  the  celestial  sphere.  Thv  problem  of 
positioning  lines  of  sight  with  respect  to  this  absolute  reference  then  has  two  prac¬ 
tical  considerations. 

1)  Establishment  of  a  local  reference  (the  local  north  reference  at  each  site) 
with  respec  to  the  absolute  reference  (the  celestial  sphere). 

2)  Positioning  of  the  local  line  of  sight  (the  telescope  at  each  site)  with  respect 
to  the  established  local  reference. 

The  first  is  a  surveying  and  reference  stability  problem,  the  second  is  a  hardware 
problem.  Each  will  now  be  considered  in  detail. 

As  was  indicated  the  local  reference  error  has  two  important  factors.  The  first 
is  the  surveying  accuracy  in  establishing  the  local  north  reference  at  any  given  place 
and  time.  The  second  is  the  stability  of  this  reference  with  respect  to  the  celestial 
sphere,  as  a  function  of  time. 

In  conjunction  with  design  of  guidance  systems  for  ballistic  missiles,  the  Gen¬ 
eral  Electric  Company  has  recently  completed  an  extensive  study  of  state  of  the  art 
surveying  techniques.  The  results  of  this  study!1)  are  directly  applicable  to  the 
problem  being  considered  here. 

The  accuracy  in  establishing  local  north  as  a  function  of  time  available  for 
measurement  is  shown  in  Figure  IV-31.  The  accuracy  in  establishing  local  latitude, 
longitude,  and  elevation  above  mean  sea  level  are  also  included,  as  this  information 
might  influence  the  discrimination  accuracy  for  a  multi -site  system.  This  informa¬ 
tion  appears  in  Figures  IV-32  and  IV-33. 

It  will  be  assumed  that  the  shift  of  the  earth's  crust  and  the  concrete  foundation 
of  the  mount  are  negligible  with  time.  However  even  with  this  assumption  the  pro¬ 
jection  of  the  earth's  geographic  pole  upon  the  celestial  sphere  experiences  a  minute 
but  continuous  translation.  This  motion  can  be  interpreted  as  a  nutation  superim¬ 
posed  upon  a  constant  precession. 

The  nutation  is  caused  by  the  gyroscopic  effect  of  the  moon,  sun,  and  other 
planets  upon  the  earth.  The  period  of  this  nutation  is  therefore  composed  of  the 
harmonics  of  the  lunar,  solar,  and  planetary  orbital  periods.  The  maximum  mag¬ 
nitude  of  this  nutation  is  *5.6  second)  (see  reference  (2) )  which  occurs  approxi¬ 
mately  every  nineteen  years. 


(1)  Dopp,  J.  W, ,  "Report  on  the  State  of  the  Art  of  Surveying  Accuracies". 
G.E.  TIS  #R62DSD3. 

(2)  H.  N.  Russell,  R.  S.  Dugan,  and  J.  Q.  Stewart,  Astronomy.  Ginn  &  Co. , 

1962. 
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ACCURACY  IN  ESTABLISHING 
LOCAL  NORTH  AS  A 
FUNCTION  OF  TIME 
AVAILABLE  FOR  MEASUREMENT 


TIME  FOR  SURVEYING  IN  DAYS  - 

Figure  IV-31.  Accuracy  in  Establishing  I/Ocal  North 


LOCAL  LATITUDE  /  LONGITUDE  ACCURACY 
IN  SECONDS  OF  ARC  - 


ACCURACY  IN  ESTABLISHING  LOCAL  LATITUDE 
AND  LONGITUDE  AS  A  FUNCTION  OF  TIME 
AVAILABLE  FOR  MEASUREMENT 


TIMK  FOR  SURVEYING  IN  DAYS  - ► 

figure  IV-32.  Accuracy  In  Establishing  Local  Latitude  and  Longitude 


The  precession  of  the  earth's  geographic  pole  la  caused  by  the  slight  difference 
in  the  solar  and  tropic  year  and  by  the  solar  precession.  The  period  of  this  pre- 
cession  is  effectively  26,840  years,  and  the  resulting  magnitude  is  about  13  second! 
per  year. 
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ACCURACY  IN  ESTABLISHING  LOCAL  ELEVATION  ABOVE 
f  MEAN  SEA  LEVEL  AS  A  FUNCTION  Of  TIME 
|  AVAILABLE  FOR  SURVEYING  • 

i 

i 

I  IT  SHOULD  BE  NOTED  THAT  ELEVATION  ERROR  IS 
AN  INCREMENT  ADDED  TO  THE  RADIUS  OF  the 
EARTH  .  SINCE  THE  RADIUS  OF  THE  EARTH  IS 

ON  THE  ORDER  OF  IO?  FEET,  A  TEN  FOOT 
ELEVATION  ERROR  IS  EQUIVALENT  TO  ONE 
PART  IN  ONE  MILLION. 
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TIME  FOR  SURVEYING  IN  DAYS  - ► 

Figure  IV-33.  Accuracy  in  Eetablishlng  Local  Elevation 


The  problem  of  positioning  the  local  line  of  eight  with  respect  to  the  local  north 
reference  ia  illustrated  la  Figure  IV -30.  Four  major  sources  of  error  can  be  de¬ 
fined.  These  are: 

1)  Sidereal  Platform  Normal  Error  (Ac  ) 

This  is  the  angular  accuracy  in  second!  that  can  be  maintained  between  the 
local  north  reference  and  the  sidereal  platform  normal. 
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2)  Sidereal  Angular  Position  Error  (&Q) 

This  is  the  dynamic  angular  accuracy  in  seconds  that  can  be  maintained  by 
the  sidereal  platform  with  respect  to  the  true  value  of  as  a  function  of  time. 

3)  Declination  Error  (A 6 ) 

This  is  the  angular  accuracy  in  seconds  to  which  the  declination  of  the  line 
of  sight  can  be  measured  with  respect  to  the  sidereal  platform. 

4)  Ascension  Error  (A4>) 

This  is  the  angular  accuracy  in  seconds  to  which  the  ascension  of  the  line 
of  sight  can  be  measured  with  respect  to  the  sidereal  platform. 

The  practical  limitations  on  these  errors  will  now  be  considered. 


By  using  a  fairly  large  platform  and  precis  ion  bearings  the  sidereal  platform 
normal  error  (Ae)  can  be  reduced  to  a  few  seconds. 

The  errors  sidereal  angular  position  (A$),  declination  (A  6),  and  ascension  (A*) 
involve  angular  position  measurements.  It  is  assumed  that  an  individual  null  seeking 
servo  system  with  a  suitable  time  constant  for  the  required  drive  rate  will  be  used 
to  obtain  each  of  the  three  angular  positions.  The  accuracy  with  which  this  can  be 
done  is  then  only  a  function  of  how  accurately  the  actual  position  can  be  measured. 

There  are  three  classical  methods  of  accurately  measuring  an  angle.  The 
simplest  method  is  to  use  a  gear  arrangement.  However  as  the  magnification  in¬ 
creases  the  gear  oeadband  eventually  limits  the  accuracy. 

A  second  method  is  the  use  of  a  direct  drive  precision  synchro.  The  accuracy 
of  this  device  is  eventually  limited  by  the  linearity  with  which  it  can  be  constructed. 

Both  of  these  methods  employ  "precision”  equipment.  By  using  special  tech¬ 
niques  "super  precision”  equipment  can  be  constructed  which  represents  the  limit 
of  the  state  of  the  art. 


Typical  limiting  accuracies  of  such  equipment  are  shown  in  the  table  below: 


Method 

Best  Accuracy  Obtainable 

Precision  Gears 

Super  Precision  Gears 

Direct  drive  precision  synchro 

Direct  drive  super  precision  synchro 

Direct  Drive  Encoder 

ISO  seconds 

60  seconds 

300  seconds 

20  seconds 

See  Figure  IV-42 

The  third  method  of  measuring  an  angle  is  the  use  of  a  mechanical  to  digital 
encoder.  With  this  device  the  accuracy  of  the  measurement  is  a  logarithmic  function 
on  the  number  of  output  bits.  A  curve  of  this  relationship  is  shown  in  Figure  IV -34, 
It  should  be  noted  that  the  declination  angle  of  Figure  IV-30  will  never  exceed  ±90°, 
therefore  one  less  bit  will  be  required  to  obtain  the  same  accuracy  as  for  Q  and  4> 
in  Figure  IV-30. 
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figure  IV-34.  Encoder  Angular  Accuracy  as  a  Function  of  the 
Number  of  Encoder  Bits 


The  significant  errors  in  electro-optical  angular  measurements  clue  to  the  posi¬ 
tioning  equipment  have  been  outlined  and  discussed  above.  A  sidereal  platform  was 
used  for  an  illustration  of  the  problems  involved.  This  scheme  was  chosen  to  facili¬ 
tate  target  discrimination  and  to  simplify  reference  coordinates.  In  practice  a  single 
control  system  might  be  used  to  obtain  the  resultant  of  0  and  4>  in  Figure  IV-30. 

It  should  be  noted  that  a  more  simple  azimuth -elevation  system  might  also  be 
used  depending  upon  the  target  discrimination  scheme  chosen. 
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In  conclusion,  it  can  be  observed  that  the  major  effect  of  the  mount,  regardless 
of  which  scheme  is  used,  will  be  to  limit  the  accuracy  with  which  the  two  angular 
components  of  a  target  can  be  measured.  For  accuracy  better  than  one  minute  of 
arc,  a  direct  drive  analog  to  digital  encoder  would  be  required.  The  maximum 
resultant  angular  error  in  measuring  two-angle  position  will  then  be  less  than  or 
equal  to  1.414  times  the  individual  angular  component  maximum  error.  The  angular 
component  maximum  error  for  the  direct  drive  encoder  is  ,  '.ven  in  Figure  IV-34  as 
a  function  of  the  number  of  output  bits. 

4.  IMAGE  ORTHICON  LINEARITY 

Assuming  the  center  of  the  image  orthicon  field  of  view  is  accurately  known, 
the  time  during  the  scan  when  the  target  video  occurs  is  the  only  method  of  deter¬ 
mining  the  target  position  in  the  field  of  view.  It  is  assumed  that  when  this  scan 
occurrence  time  of  target  video  is  converted  to  accurate  angular  position,  some 
method  is  used  to  determine  the  image  center.  The  effect  of  image  spread  on  angu¬ 
lar  accuracy  will  be  discussed  later. 

To  accurately  measure  the  time  unit  that  accompanies  the  angular  measurement, 
it  is  necessary  to  know  the  start  and  stop  time  of  every  image  period.  Ther  the 
center  of  each  image  can  be  equated  to  the  time  half  way  between  the  start  and  finish 
of  the  comparable  image  period.  It  is  assumed  that  the  accuracy  of  measuring  the 
time  of  image  formation  is  much  more  accurately  known  than  the  comparable  target 
angle,  and  is  not  considered  in  this  analysis. 

The  conversion  from  time  during  scan  to  position  in  the  field  of  view  is  essen¬ 
tially  a  measurement  of  image  orthicon  linearity.  The  accuracy  of  this  conversion 
is  dependent  upon  the  target  position  in  the  field  of  view.  In  a  circle,  centered  in 
the  field  of  view,  which  contains  50%  of  the  total  viewing  angular  area,  the  maximum 
time-position  inaccuracy  is  ±1/4%.  The  maximum  time-position  inaccuracy  at  the 
image  corners  is  approximately  ±1/2%.  These  inaccuracies  are  approximately 
2(7  values. 

5.  IMAGE  SPREAD 

The  image  orthicon  image  spread  may  be  due  to  relative  target  movement  during 
the  image  period,  or  due  to  a  target  intensity  much  larger  than  the  detection  thresh¬ 
old  intensity.  Image  spread  due  to  a  large  target  intensity  is  symmetrical  about 
the  true  image  center.  This  spread  would  be  easier  to  convert  to  an  image  center 
than  the  "one  dimensional"  spread  in  any  random  direction  due  to  relative  target 
movement  during  the  image  period.  At  a  1000  nautical  mile  altitude,  a  circular 
orbit  target  could  have  a  maximum  relative  velocity  of  800  sec/sec.  For  an  image 
period  of  0.  5  second,  this  would  result  in  an  image  spread  of  400  Sec,  0.  11  ddgreb, 
or  3.  6%  of  a  3°  field  of  view.  Due  to  the  target  intensity  relationship  and  velocity 
relationship  with  altitude,  the  lower  the  altitude  of  a  given  satellite,  the  greater  the 
intensity  image  spread  and  the  greater  the  relative  movement  image  spread. 

6.  TOTAL  ANGULAR  MEASUREMENT  ERROR 

A  table  will  be  made  of  the  assur  od  2(7  angular  measurement  error,  using  "state 
of  the  art"  values.  The  worst  case  values  (at  the  corner  of  the  field  or  at  20°  eleva¬ 
tion  for  instance)  will  be  used. 
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ANGULAR  MEASUREMENT  ERROR 


Variable 

20  Inaccuracy 

2r  Error  (Set) 

3'v‘  Field  of  View 

Atmospheric  Refraction  (20°) 

±14Tn  (130  s”ec) 

21  sec 

Field  of  View  Differential  Refraction 
(20°) 

13  sec  (30  Field) 

13  sec 

Atmospheric  Image  Dancing 

6  see 

6  see 

Mount  Readout  Error 

30  s'ee 

30  Sec 

Image  Orthicon  Time -Position  Linearity 

il/2'o  (3°  Field 
10800  sec) 

54  set 

The  largest  error  in  measuring  target  angles  for  a  3  d egret  field  of  view  is  the 
image  orthicon  time-position  linearity.  This  error  is  directly  proportional  to  the 
field  of  view,  and  is  the  area  to  be  improved  first  if  greater  angular  accuracies  are 
required,  with  3  degree  or  larger  field  of  view. 

The  RMS  2 O'  error,  found  by  hiking  the  square  root  of  the  sum  of  the  squares, 
is  66  sec.  This  error  assumes  that  processing  has  already  solved  the  problems  of 
image  spread  and  the  retractive  bias  pointing  error. 

I.  HIGH  RESOLUTION  SYSTEMS 

1.  INTRODUCTION 

This  report  is  primarily  concerned  with  Separation  Techniques  and  their  appli¬ 
cation  to  the  Space  Surveillance  Task.  This  task  necessitates  maximizing  the  field 
of  view  and  aperture  at  the  expense  of  data  accuracy.  To  illustrate  this,  several 
systems  were  postulated  for  discussion  purposes,  though  no  selection  was  made  as 
to  the  best  choice. 

Where  high  accuracy  data,  or  high  resolution  identification  is  included  in  the 
systems  requirement,  then  combination  systems  will  be  needed  to  attain  performance. 
Combination  systems  necessitate  acquisition,  hand  over,  track,  and/or  track  while 
scan  functions.  High  accuracy  data  and  high  resolution  identification  both  need  long 
focal  length  optics  w'ith  corresponding  small  field  of  view. 

Included  here  is  a  brief  treatment  of  various  electron  optical  techniques  to  illus¬ 
trate  the  trades  of  lens  and  sensor  parameters,  video  processing  techniques,  read¬ 
out  techniques  and  other  special  considerations  needed  for  successful  equipment 
combinations  and/or  systems. 

For  the  purposes  of  this  report  we  are  concerned  with  military  and/or  civilian 
space  applications.  Here  the  emphasis  should  be  placed  on  performance  for  maxi¬ 
mum  data  and  purpose,  not  for  pretty  pictures  and  convenient  eye  viewing.  There¬ 
fore,  the  scanning  format  should  be  optimized  to  the  application  and  a  special  effort 
be  made  to  keep  bandwidth  down  for  maximum  performance  and  minimum  data  hand¬ 
ling  problems. 

Electro -optical  equipment  with  an  MgO  tube  can  produce  a  fantastic  amount  of 
data  (10  to  20  me  or  higher)  which  may  be  unnecessary  much  of  the  time.  Slow 
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scan  vates  can  reduce  bandwidth  with  usually  the  only  objection  being  a  flickering 
picture!  A  P-7  phosphor  kinescope  tube  in  the  monitor  with  filter  will  reduce  this 
for  the  little  human  monitoring  necessary. 

Camera  recording  (film  and  P-li  Recording  Scope  CR  tube  matched  for  maxi¬ 
mum  recording  efficiency)  is  used  where  records  are  required  in  any  event.  See 
Section  II -C. 

The  important  considerations  vary  with  applications,  i.  e. ,  time  for  coverage, 
detection  probability  and  discrimination  are  of  first  consideration  in  surveillance. 
False  alarm,  lens  quality,  resolution,  and  atmospheric  perturbations  are  important 
in  high  resolution  identification  and  mapping  systems. 

The  different  requirements  vary  the  figures  involved.  However,  the  areas  for 
making  trades  are: 


Field  of  view  -  focal  length  and  f/numher 

Resolution  element  size  -  scan  lines  and  bandwidth 

Background  brightness  -  integration  time,  resolution  element  size  -  field  of  view 

Target  spreading  -  saturation  levels,  beam  current  control,  field  occupancy 

Moving  targets  -  velocity  rates  and  directions,  resolution  element,  time  response 

Video  processing  -  electrical  signal  to  noise,  background  vs  signal  charasteris- 
tics 

Monitor  recording  -  precision,  linearities ;  writing  rates  vs  film  speed 

2.  OBJECT  BRIGHTNESS 

The  first  consideration  here  is  in  the  lens  selection  and  electronic  scanning- 
program  to  be  used  for  the  sensor  with  particular  attention  to  background  and  atmos¬ 
pheric  limitations. 

If  the  celestial  background  is  involved,  then  sky  brightness  and  point  target  in¬ 
tensity  (function  of  target  range)  will  set  the  noise  level  and  the  contrast.  Once  the 
object  is  resolved  into  more  than  one  resolution  element  with,  long  focal  length  optics, 
the  intensity  of  a  constant  resolved  angular  area  is  independent  of  object  range.  The 
constant  angular  resolved  area  (for  example  1  sec2)  will  have  an  earth  received  in¬ 
tensity  proportional  to  reflectivity,  but  independent  of  range  to  the  earth,  if  it  is 
only  sun  illuminated  and  its  distance  to  the  sun  remains  a  constant  93,000,000  miles. 

So  1  square  sec  (s”ec-)  of  resolved  lunar  surface,  or  1  s'ecw  of  resolved  Echo  Balloon, 
result  In  the  same  Lumens/cm2  aperture  Illumination,  If  their  phase  angle  and  reflec¬ 
tivity  are  the  same. 

3.  RESOLUTION  LIMITS 

The  resolution  ability  limit  is  set  by  the  optics  quality  (ability  to  approach  dif¬ 
fraction  limit,  color  correction,  aberration,  frequency  response,  etc.).  The  num¬ 
ber  of  scan  lines  and  bandwidth  (resolution  element  size)  should  be  selected  in  keep¬ 
ing  with  optic  quality.  When  sufficient  light  is  available,  the  diffraction  limit  can  be 
penetrated  somewhat.  The  engineer  is  referred  to  Sears (‘1)  for  more  extensive 
treatment  of  diffraction  limits.  However,  it  should  never  be  necessary  to  place  more 
than  2  or  3  pairs  (4  at  the  absolute  most)  of  scan  lines  (a  line  and  spacing  being  a  pair) 
for  the  extent  of  the  diffraction  limit. 
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The  following  table  illustrates  this  point.  Note  that  generally  1000  to  1200  lines 
represents  the  optimum  for  general  high  resolution  work.  Special  treatment  and 
study  is  in  order  before  setting  higher  scan  line  requirements.  The  same  problem 
is  in  order  regarding  use  of  film.  Though  a  smooth  and  pretty  picture  may  be  at¬ 
tained,  the  information  and  picture  content  will  not  generally  be  any  better  than  the 
1000  to  1200  scanned  picture  since  in  both  cases  the  frequency  response  or  diffrac¬ 
tion  limit  of  the  optics  (and/or  atmosphere)  would  be  setting  the  performance  limits. 

Resolution/sensitivity  on  Resolved  Objects  for  1000  line  scan  (800  line  effective 
resolution). 


Optics 

Diameter 

(inches) 

f/no 

Focal 

Length 

(inches) 

Theoretical 

Diffraction 

Limit 

(sec  of  arc) 

Practical 

Optic 

Limit 

tsec  of  arc) 

Resolution 
Element 
Size  (800 
line)  Single 
Dimension 
(sec  of  arc) 

Field  of 
View 
with  I.  O. 
(sec  of  arc) 

5 

f/120 

600 

.9 

1. 

1/2 

450 

12 

f/ 125 

1500 

.4 

.6 

1/4 

180 

24 

f/100 

2400 

>  2 

.4 

1/8 

110 

o0 

f/joo 

3000 

.15 

.3 

.1 

85 

48 

f/95 

4500 

.1 

.  2  to  .  25 

.06 

55 

Figure  IV-35A  and  B  typifies  what  can  be  done  with  a  16"  aperture  at  only  240"  focal 
length  1029  line  scan  with  approximately  2  sec  of  arc  resolution  element  size  (better 
than  atmospheric  limit  on  night  taken). 

4.  RESOLUTION  (FAINT  POINT  SOURCES) 

Since  the  smallest  image  detected  on  the  MgO  image  orthicon  is  usually  spread 
to  2  or  3  resolution  elements  on  a  side  for  minimum  detection,  the  ability  to  sepa¬ 
rate  close  objects  (double  stars,  etc.)  is  reduced  by  this  factor  unless  special  tech¬ 
niques  are  used. 

Since  the  MgO  image  orthicon  target  itself  can  resolve  to  about  300G  lines  then 
approximately  this  number  of  lines  should  be  used  where  maximum  resolution  is 
desired,  in  order  to  reduce  the  point  image  spread  area  to  the  smallest  occupation 
area  of  the  I.  O.  's  target.  At  this  point,  optical  gain  (multiplier  lens)  should  be 
added  to  the  main  optics  until  the  smallest  point  Image  focus  area  corresponds  to 
several  lines  of  the  3000  line  scanned  area.  In  this  way  the  optics,  rather  than  the 
orthicon,  are  setting  the  limit  and  by  using  the  maximum  line  resolution  ability  of 
the  orthicon  the  optical  gain  is  at  the  minimum  increase  for  orthicon  limit. 

In  this  optimum  match,  the  light  loss  and  optical  gain  (field  of  view  compromised 
least)  are  minimum  and  the  resolution  will  be  as  good  as  film  under  "ideal”  seeing 
conditions.  In  all  practical  conditions,  the  resolution  of  film  will  be  exceeded.  The 
combined  speed  (orthicon  plus  slower  lens)  Is  much  greater  than  that  of  film,  thus 
permitting  shorter  exposures  (less  atmospheric  disturbances).  For  instance,  for 
normal  beat  speed  film  exposure  time  the  atmospheric  perturbations  will  impose  a 
1  to  3  sec  of  arc  seeing  limit  where  with  the  I.  O.  shorter  exposures  can  attain. 
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Figures  IV-35A  and  35B.  Examples  of  i(?n  with  16-1/2",  f/5  Reflector  *  240"  Focal 

Length  RCAA  Telescope  and  lo  bcan;  1/30  8ec  Rate«  Continuous  Scan  of  Moon; 

dght,  No  Filter 


theoretically,  the  diffraction  limit  of  the  optics  system.  The  question  may  still 
exist,  however,  as  to  which  short  exposure  picture  presents  the  real  picture  and 
which  includes  a  product  of  the  atmosphere. 

A  word  of  caution:  To  read  out  on  monitors  a  picture  of  1000  lines  (where  I.  O. 
is  being  scanned  over  1200  lines)  special  monitors  will  be  required.  If  one  wishes 
to  use  standard  high  resolution  monitors  (1000  line  ability)  then  additional  optical 
gain  should  be  used  to  spread  the  point  image  focus  over  an  area  of  several  of  the 
1000  line  lines  area  which  in  this  case  will  be  a  correspondingly  larger  area  of  the 
1. 0.  target:  -  Performance  will  still  exceed  film  in  resolution  and  exposure  time. 

5.  ATMOSPHERIC  "SEEING”  IMPROVEMENTS 

From  paragraphs  3  and  4  above  we  have  shown  that  for  properly  designed  sys¬ 
tems  the  optics  sets  the  limit  of  equipment  performance.  However,  for  the  longer 
focal  lengths  (higher  resolution)  the  atmosphere  "seeing"  limits  the  overall  system 
performance.  In  section  I-C  of  this  report  a  brief  discussion  of  the  atmospheric 
a  effects  was  given.  These  various  effects  combine  to  govern  the  practical  limits  on 
resolution  and  seeing.  The  atmospheric  turbulence  causes  the  image  to  blur  and 
dance  (irrespective  of  mount  stability,  etc. ).  The  extent  of  the  mixture  of  blurring 
and  dancing  depends  on  the  number  of  turbulent  elements  (layers)  between  object 
and  optics . 

Small  aperture  telescopes  have  mostly  dancing,  whereas  large  apertures  hav  . 
mostly  blurring.  The  total  (time  averaged)  effect  is  about  the  same  and  thus  the 
Image  size  (of  a  point  source)  is  nearly  independent  of  aperture.  Thus  the  seeing 
condition  is  often  defined  in  terms  of  image  size.  Image  size  vs.  frequency  curves 
taken  at  several  observatories  and  appear  to  have  Poisson  distribution  peaking  at 
1-1/2  seconds  at  Kitt  Peak  and  2-1/2  sec  at  Mt.  Palomar. 

Since  most  observatory  work  is  done  with  film,  much  of  the  established  practh  e 
and  discussions  available  are  treated  in  this  respect.  Visually,  it  always  is  pos¬ 
sible  to  exceed  photographic  resolution  (with  a  long  focal  length  telescope)  because 
tha  dark-adapted  eye  time  constant  is  about  0.  2  seconds  giving  it  the  opportunity  to 
take  advantage  of  short  instants  of  "good  seeing". 

The  advantage  of  the  greater  "speed"  of  the  image  orthicon  over  film  and  human 
jqr#  presents  a  practical  way  to  improve  resolution  seeing  ability  by  permitting 
shorter  exposures  down  to  a  few  milliseconds. 

Detail  design  and  systems  engineering  for  ’.'it  typ?  of  use  of  electro -optical 
aqalpaaent  presents  challenging  possibilities.  Hence  many  different  schemes  are 
being  studied  and  some  tried  In  various  forms. 

Loss  of  contrast  caused  by  scattering  of  light  by  the  atmosphere  is  another 
factor  limiting  resolution.  This  is  important  since  high  contrast  (sharp  edging,  etc. , 
permits  working  below  the  usual  resolution  limits,  by  as  much  as  a  magnitude  under 
Some  conditions. 

Local  site  effects  are  important  if  high  resolution  work  is  to  be  attempted. 
Astronomers  have  learned  to  correct  for  local  atmospherics,  cold  air  vs.  warm  air, 
turbulence,  air  currents,  dome  orientation  and  height,  ground  preparation,  etc. , 
it  their  individual  locations  and  all  these  practices  should  be  followed  in  setting  up 
sites,  if  good  seeing  Is  to  be  attained.  Mont  schemes  are  based  on  following  the 
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first  order  "dancing"  effects  plus  manual  control  of  optics  to  maintain  focus  as  it 
varies.  Astronomers  have  long  been  applying  stabilizing  schemes  (move  their  film 
plates  with  the  dancing,  or  exposing  only  when  the  image  is  at  a  specific  point)  and 
manually  riding  the  optical  focus  as  needed  to  get  their  best  pictures. 

With  the  advent  of  the  GE  thin  film  MgO  Image  Orthicon,  its  tremendous  "speed" 
in  relation  to  film  presents  many  exciting  possibilities.  In  addition,  its  image  sec¬ 
tion  provides  an  area  where  corrective  measures  can  be  applied  so  that  the  scanned 
image  will  already  be  "stabilized".  Here  the  stabilizing  signal  can  he  from  external 
control  (photomultiplier)  or  by  a  closed  loop  servo  around  the  I.  O,  tube  itself.  This 
technique  was  investigated  at  Dyer  Observatory  and  is  recorded  in  November  1959, 
Sky  &  Telescope.  Refinements  can  be  made  to  the  methods  reported  to  eliminate 
the  shortcomings  noted.  See  referenced  reports. 

Another  technique  is  to  use  short  exposure  control  of  the  I.  0.  image  section  to 
expose  the  tube  at  a  specific  condition  of  the  target  then  re-expose  at  an  instant  of 
similar  condition;  repeating  this  until  sufficient  exposure  time  has  been  built  up 
commensurate  with  the  resolutiou/sensitivity  desired,  and  then  reading  out.  In  this 
manner  details  on  fast  moving,  rotating,  etc. ,  objects  can  be  photographed  from  a 
monitor.  This  can  also  be  used  to  advantage  by  exposing  only  during  periods  of 
stable  mount  conditions  or  "on  target"  conditions,  etc. .  in  addition  to  selecting  ex¬ 
posures  at  times  of  stable  atmospheric  conditions. 

The  reverse  of  the  above  can  be  employed  as  a  measuring  tool  for  determining 
object  stability  and  resolution,  mount  stability,  tracking  stability  and  atmospheric 
studies,  by  recording  successive  exposures  at  various  intervals  to  obtain  auto¬ 
correlation  patterns  of  the  phenomena  or  instability  involved. 

6.  MAPPING  TECHNIQUES 

Where  a  distributed  scene  is  being  resolved  and  a  high  resolution  picture  or 
map  is  the  prime  requirement,  advantage  of  the  "speed"  of  the  orthicon  can  be  used 
as  motion  sensing  element  to  control  servoed  mirrors  to  present  a  stabilized  image 
at  tie  film  plane  for  photography. 

An  addition  of  an  automatic  shutter  control  to  this  scheme  could  allow  photo¬ 
graphy  only  when  the  image  is  at  best  focus,  and/ox  the  instances  when  a  selected 
distinguishing  feature  presents  the  smallest  image  ("pulsation"  effect  at  minimum). 

J,  SEPARATION  AND  POST  SEPARATION  PROCESSING 


Separation  can  be  more  Involved  than  a  simple  cancellation  of  binary  off-on 
video.  To  solve  the  problems  of  image  spread  requires  handling  lots  of  data:* 

1.  Measure  the  center  of  symmetrically  spread  images,  and  the  amount  of 
the  image  spread, 

2.  Measure  the  direction  and  amount  of  relative  motion  during  image  exposure. 

3.  Compare  the  relative  position  displacement  of  each  pair  of  Image  points 
(If  there  are  two  of  them)  and  decide:  either  they  are  one  star  misregls- 
tered,  or  that  a  target  is  detected. 

The  amount  of  data  would  be  large  because  every  star  In  the  field  of  view  would  re¬ 
quire  an  Image  else,  Image  center,  direction  and  amplitude  of  relative  motion  data 
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storage,  where  the  image  center  data  could  be  any  resolution  element  in  the  field 
of  view. 


A  non-automatic  feasibility  system  could  use  a  scanned  image  of  ’'residual" 
video  left  after  video  cancellation.  It  could  use  a  two  color  display  of  two  complete 
images,  as  an  alternate.  In  any  event,  the  human  viewer  would  make  the  decisions 
about  image  centers,  relative  motion,  misregistered  stars  or  targets,  and  such 
false  alarms  as  falling  stars,  the  moon,  or  a  planet  that  would  be  difficult  to  pro¬ 
gram  for  a  computer.  It  is  believed  that  an  automatic  electronic  detection  should 
proceed  the  viewers  scanned  image;  because  it  will  leave  less  decisions  for  the 
viewer,  and  also  because  it  is  necessary  for  a  large  surveillance  area  "automatic" 
system. 

One  problem  an  automatic  system  would  have  is  sorting  the  targi  to  minimis  • 
target  false  alarms.  Some  characteristics  that  might  help  decrease  false  alarms 
include: 

1.  Large  image  size;  therefore  large  intensity  lower  altitude;  therefore  not 
interested  unless  a  reasonable  relative  motion  image  spread. 

2.  Very  large  relative  motion  (falling  stars)  therefore  not  interested. 

3.  Direction  of  relative  motion;  therefore  not  interested  in  some  orbits. 

4.  Knowm  positions  of  planets,  comets,  asteroids,  moon,  etc. 

3.  Compare  targets  with  known  satellite  orbit  positions. 

This  brief  discussion  shows  some  of  the  complexities  of  a  completely  automaii 
surveillance  system,  even  after  initial  detection  and  separation-cancellation. 


IV-74 


SECTION  V.  ORBITAL  PREDICTION  FROM  ANGLE  ONLY  DATA 


A.  INTRODUCTION 


The  data  obtained  from  electro-optical  devices  consists  of  a  series  of  angular 
measurements.  Any  number  of  observations  can  be  made  with  an  optical  sensor, 
each  observation  consisting  of  two  angular  measurements:  azimuth  and  elevation . 
When  predicting  an  orbit,  this  set  of  electro-optical  data  is  smoothed  to  a  set  of 
angles,  angular  rates  and  angular  accelerations  at  a  specified  reference  time.  The 
angle  only  orbit  determination  technique  is  then  used  to  determine  the  position  and 
velocity  of  the  target  (at  the  reference  time)  by  "transforming”  the  smoothed  angu¬ 
lar  data  to  target  position  and  velocity  components  (RAERAE).  After  the  target's 
position  and  velocity  are  known,  the  problem  of  orbit  determination  has  been  reduced 
to  an  equivalent  radar  problem  and  further  orbit  calculations  can  be  carried  out. 

A  flow  chart  for  the  present  orbit  prediction  scheme  is  shown  in  Figure  V-l.  R 
range;  A  azimuth;  E  elevation . 

The  purpose  of  this  accuracy  study  is  to  determine  the  accuracies  obtainable 
in  predicting  orbits  from  angle  only  data.  For  system  design  purposes  it  is  neces¬ 
sary  to  determine  the  effect  of  data  parameter^  (such  as  smoothing  time,  frequency 
of  independent  observations,  and  accuracy  of  angular  measurements)  on  prediction 
performance .  The  accuracy  study  can  he  divided  into  two  parts . 

B.  ACCURACY  STUDY 


(1)  Accuracy  of  orbit  prediction  using  more  than  three  sets  of  angular  observa¬ 
tions. 

(2)  Accuracy  of  orbir  prediction  using  three  sets  of  angular  observations . 

This  portion  of  the  study  also  pertains  to  orbit  prediction  from  data  which 
has  been  presmoothed  into  the  "three  set"  form. 

The  purpose  of  the  first  part  of  the  accuracy  study  is  to  estimate  the  efficiency 
(in  the  statistical  sense)  of  smoothing  techniques  when  more  than  three  sets  of  opti¬ 
cal  data  are  smoothed.  A  simple  quadratic  fit  was  chosen  fnr  a  model  smoothing 
scheme  (see  Appendix  IV).  This  simple  fit  fulfills  the  requirements  of  the  accuracy 
study  since  it  demonstrates  typical  error  behavior.  TK*  simple  fit  was  chosen  in 
simulating  orbit  prediction  from  N  observations  (N  'lit  so  #that(  typical  errorp  could 
be  generated  and  used  to  error  the  angular  quanti:.c?s  A0  A0  A0  E0  EQ  and  E0  (see 
flow  chart,  Fig.  V-l 2)  After  the  previous  quantities  are  errored  it  is  possible  to 
determine  how  obse/vation  errors  propagate  thi  ugh  the  basic  angle  only  technique. 
The  error  study  was  divided  into  two  parts  so  that  a  separate  investigation  could  be 
carried  out  on  the  "three  observations"  orbit  prediction  technique.  This  orbit  pre¬ 
diction  scheme  has  been  programmed  and  checked  out;  R  is  capable  of  predicting  an 
orbit  exactly  from  three  sets  of  unerrored  optical  data . 

The  general  procedure  followed  in  carrying  out  the  accuracy  study  will  first  be 
outlined.  The  Monte  Carlo  technique  was  used  to  study  propagation  of  measurement 
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errors  and  to  determine  the  standard  deviations  of  the  target's  position  and  velocity 
components  (a^,  <7^,  <Te>  CTr,  ffA’  The  Monte  Carlo  method  is  a  repetitive 

type  procedure  where  errored  electro-optical  data  is  simulated  and  then  subjected 
to  the  angle  only  prediction  technique.  After  the  above  procedure  is  repeated  a 
number  of  times  (1, 000  Monte  Carlo  loops  were  used  in  this  study),  the  desired 
standard  deviations  can  be  calculated.  The  randomness  involved  in  generating  the 
errored  data  gives  a  random  quality  to  later  errors  such  that  no  significance  can  be 
attached  to  any  one  calculation.  After  the  position  and  velocity  errors  at  the  ref¬ 
erence  time  were  determined,  a  computer  program  was  used  to  determine  confi¬ 
dence  volumes  at  future  times  around  the  orbit.  The  confidence  volumes  are  re¬ 
gions  surrounding  the  target's  true  position  in  space  (at  some  specified  future  time) 
within  which  the  target's  predicted  position  will  fall  with  a  given  degree  of  confi¬ 
dence.  The  size  of  the  confidence  volumes  is  a  function  of  both  the  data  parameters 
and  the  specified  degree  of  confidence . 

In  order  to  simulate  errored  electro-optical  data,  it  was  first  necessary  to 
choose  a  population  of  orbits  which  sufficiently  demonstrates  the  effects  of  data 
parameters  on  prediction  performance .  The  population  chosen  consists  of  5  ellip¬ 
tical  satellite  orbits,  initially  defined  by  their  respective  height  of  perigee,  height 
of  apogee,  and  inclination  angle.  The  orbits  are  listed  below: 


ORBIT  DESIGNATION 

HA 

(n.mi.) 

HP 

(n.mi.) 

i 

(degrees) 

#1 

30, 000 

3.000 

20 

#2 

13, 000 

10,  000 

20 

#3 

89,900 

1,000 

20 

#4 

1,990 

1,  000 

20 

#5 

30,000 

3,000 

30 

Various  orientations  of  the  orbits  with  respect  to  the  observer  (+40°  latitude; 
-100°  longitude)  were  considered  in  order  to  determine  the  effects  on  prediction 
accuracy  .  After  the  orbit  was  defined,  a  computer  program  (Satellite  Simulator 
Program)  was  used  to  simulate  unerrored  electro-optical  data.  It  should  be  men¬ 
tioned  that  the  data  was  simulated  with  a  non-rotating  earth.  A  "non  rotating"  pre¬ 
diction  from  data  simulated  with  a  non- rotating  earth  is  assumed  to  be  an  excellent 
representation,  in  its  errors,  to  a  rotating  prediction  from  live  data  or  data  simu¬ 
lated  with  a  rotating  earth.  In  the  near  future  the  angle  only  technique  will  be  modi 
fled  to  include  earth  rotation.  In  order  to  simulate  errored  data  it  was  necessary 
to  generate  errors  to  be  added  to  Uie  "true”  data.  A  random  number  generation 
program  which  produces  numbers  from  a  normal  distribution  (zero  mean,  unity 
variance)  was  used  in  the  first  portion  of  the  error  simulation.  Simple  algebraic 
manipulations  then  yield  errors  which  have  the  desired  standard  deviations  and 
correlation .  A  more  detailed  discussion  of  tka  aecansy  study  will  be  given  in  one 
of  the  following  sections  «f  this  repast. 
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C.  RESULTS 


The  more  important  parameters  involved  in  this  study  will  be  defined  so  that 
the  results  cat?  be  more  easily  interpreted .  A  sketch  should  give  a  physical  picture 
of  the  actual  system . 


Target 1 s  Orbital  Path 
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Surface 


Traoklac  Tim*  -  The  total  time  interval  during  which  optical  data  is  obtained  or  the 
time  it  takes  for  the  target  to  pass  from  one  end  of  the  tracking 
period  to  the  other.  Any  odd  number  of  observations  can  be  taken 
during  the  tracking  time . 

Reference  Position  -  The  target's  position  when  it  is  located  exactly  in  the  middle 
of  the  tracking  period .  An  equal  number  of  observations  are  taken 
before  and  after  the  reference  position  and  one  observation  is 
taken  when  the  target  is  located  at  the  reference  position. 

Reference  Range  -  The  distance  from  the  sensor  to  the  target  when  it  Is  located  at 
the  reference  position. 

At  -  The  time  interval  between  independent  observations. 
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1 .  PART  I  -  MORE  THAN  THREE  SETS  OF  OBSERVATIONS 

Interpretation  of  the  Curves,  Figures  V-2  thru  V-5. 

(1)  In  arriving  at  the  following  results,  it  was  assumed  that  azimuth  and  eleva¬ 
tion  angles  are  measured  with  equal  accuracy.  Therefore,  for  all  the  fol¬ 
lowing  curves  the  standard  deviation  on  elevation  errors  (  or)  equals  the 
standard  deviation  on  azimuth  errors 

(2)  From  the  first  plot,  it  can  be  seen  that  range  errors  are  a  linear  function 
of  observation  errors.  Similarly  it  has  been  shown  that  error  volume  tube 
radius  and  tube  length  vary  linearly  with  observation  errors  (no  plots  have 
been  made) . 

(3)  All  plots  after  No.  1  were  made  for  the  case  where  0 ^  -  0. 1°;  how- 

e\  er,  results  for  standard  deviations  other  than  0. 1°  can  be  obtained  by  a 
simple  multiplication.  To  obtain  a  result  (RiUJge  standard  deviation,  tube 
radius,  tube  length  etc. )  for  observational  errors  other  than  <*a  aE 

0.  1°,  multiply  the  indicated  result  from  the  graph  by  iO^deaired.  ia  de¬ 
grees  where  Odesiredis  the  standard  deviation  of  interest. 

(4)  Some  of  the  curves  have  only  been  produced  for  a  single  orbit  (Orbit  #4) . 

In  these  particular  cases,  Orbit  #4  was  chosen  so  that  accuracies  obtain¬ 
able  with  electro-optical  equipment  could  be  compared  with  those  obtaina¬ 
ble  with  radar  at  equivalent  ranges.  It  is  realized,  that  electro-optical 
systems  will  be  used  to  site  targets  at  ranges  greater  than  2, 000  n. mi. , 
but  Orbit  #4  allows  the  previously  mentioned  comparison  to  be  made  since 
the  target  comes  within  radar  range  (minimum  range  =  1720  n. mi.). 

(5)  When  predicting  ahead  in  the  orbit,  a  90%  confidence  was  used . 

2.  PART  2  -  THREE  SETS  OF  OBSERVATIONS 

Interpretation  of  the  curves.  Figures  V-9  thru  V-ll . 

(1)  In  arriving  at  the  following  results,  it  was  assumed  that  azimuth  and  ele¬ 
vation  angles  are  measured  with  equal  accuracy.  Therefore,  for  all  the 
following  curves  the  standard  deviation  on  elevation  errors  (Cg)  equals  the 
standard  deviation  on  azimuth  errors  (<7a)- 

(2)  All  of  the  following  plots  were  made  for  the  case  where  <Ta  ~  Or  ”  0*01°. 
Since  output  errors  are  a  linear  function  of  input  errors  (see  Part  1), 
results  for  standard  deviations  other  than  0.01°  can  be  obtained  by  a  sim¬ 
ple  multiplication.  To  obtain  a  result  (range  error  standard  deviation, 
tube  radius,  tube  length  etc . )  for  observational  errors  other  than  - 
erg  -  9.01°,  multiply  the  indicated  result  from  the  friph  by  !00e desired* 
in  degrees  where  Odesired  the  standard  deviation  of  interest. 

(3)  When  predicting  ahead  In  the  orbit,  a  90%  confidence  was  used . 
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STANDARD  DEVIATION  OF  THE  MEASUREMENT  ERRORS  (DEGREES) 


<rR  *  standard  deviation  of  range  error  (N-MI) 

Figure  V-3.  Range  Error  at  Reference  Position  as  a  Function  ol  Tracking 
Time  and  Time  Lapse  Between  Independent  Observations 
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Figure  V-5.  Prediction  Ahead  -  90%  Confidence  Tube  Length  as  a  Function 
of  Angular  Distance  from  the  Reference  Position 
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Figure  V-6.  Tube  Radius  at  Reference  Time  i 


0001 


ORBIT 


*e  Time  and  1/4  ot  a  Period  After  Reference  Time 
tion  of  Tracking  Time 


TO  OBTAIN  POR  OBSERVATION 
OTHER  THAN  C?A  cr^  •  O.OI* 

MULTIPLY  THE  INDICATED  RESULT 


V-1S 


TUBE  RADIUS  IN  Ml) 


ORBIT  ’4 


APOGEE  =  1990  N  Ml 

HPERIGEE*  1,000  M  Mi 

ORBIT  PREDICTION  FROM 
THREE  OBSERVATIONS  } 


400  a  ,  c7  r  0.01* 


y  R0*»46N  MI 


R  ,80*7500 
/  160  U  Ml 


At  •  200  SEC 


3345  N  Ml 


AT*  300  SEC 


A  t  *400! 


at*  aoostr 


At*  BOO  SEC 


o  AO  #0  HO  m  too  240  2 BO  520  j 

rpO*T*ON#?OE<!SlECt  >  °MIT'  ***JLA*  0«TA«C«  FROM  REFERENCE 

Figure  V-10.  Prediction  Ahead  -  90%  Confidence  Tube  Radius  as 
Function  of  Angular  Distance  from  the  Reference  Position 


Figure  V-ll.  Prediction  Ahe^d  —  80%  Confidence  Tube  length  lb  a 

Function  of  Angular  Distance  from  the  Reference  Position 


S.  PART  3  -  MULTIPLE  SITES 

All  of  the  preceding  results  were  developed  for  a  single  site.  When  a  multiple 
sensor  complex  is  considered,  it  is  desirable  to  compare  the  net  resulting  predic¬ 
tion  accuracy  to  that  which  would  be  obtained  from  each  of  the  sensors  individually. 
If  a  target  is  tracked  or  observed  simultaneously  by  two  or  more  sites,  with  data 
errors  independent  from  site  to  site,  the  optimum  estimate  of  the  orbit  and  thus 
optimum  predictions  of  future  target  positions  along  the  orbit  must  be  based  upon 
all  of  the  data  available.  A  conservative  estimate  of  the  resulting  prediction  ac¬ 
curacy  is  obtained  from  an  error  analysis  of  the  slightly  non-optimum  orbit 
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estimate  obtained  from  the  weighted  average  of  the  predictions  made  singly  from 
each  site.  Experience  has  shown  that  the  error  of  this  estimate  becomes  insignifi¬ 
cant  as: 


•  A  larger  and  larger  amount  of  data  from  each  sensor  is  considered. 

•  The  data  itself  becomes  more  accurate  (because  of  the  linear  propagation  of 
errors  in  an  accurate  system). 

•  The  period  of  observation  for  each  sensor  is  converged  to  the  identical  por¬ 
tion  of  the  orbit. 


For  example,  if  target  range  (R)  is  to  be  estimated  by  consideri;.  %  the  data 
available  from  sites  1,  2,  3,  ____  Nand  this  data,  taking  each  site  individually, 

generates  range  estimates'll,  K'2,  K3 - with  standard  deviations  of  cks.  , 

aeg.  ,  ag,  —  ag.  ,  then  the  grand  estimate  of  target  range  is  K1 


‘N 

it 


2 

R1 


it 


oA  2 

£  -4±- 


crA  2 

R2 


'N 


<rA  2 
rn 


1 


or  2 
R2 


tA  2 


Rr 


N 


It  can  be  easily  shown  that  the  standard  deviation  of  this  estimate  is. 


The  maximum  possible  value  for  the  standard  deviation  of  the  final  estimate  of 
target  range  is 


MAX 


The  minimum  possible  value  ia 


^M,N  =  /N  °*M 

where  orm  =  the  minimum  standard  deviation  of  the  set  0$,,  o$r  — 
Thus,  s  conservative  estimate  of  multiple  site  accuracy  is  obtained  from  the  rela¬ 
tion 


ax-K 
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where  X 


ctX 


any  predicted  orbit  parameter  or  future  position 

the  accuracy  obtainable  from  N  sites  making  near  simultaneous 
observations 

the  prediction  accuracy  for  the  best  of  the  N  sites  (the  minimum 
standard  deviation) 


— -  <  K<  1 

/n 


If  the  sites  are  all  comparable,  it  is  standard  practice  to  let  K  =  1  /n,  the 
most  optimistic  value.  This  procedure  counters  the  non-optimality  of  considering 
single  site  estimates  in  arriving  at  the  final  estimate,  as  opposed  to  determining 
the  final  estimate  directly  fn>m  all  of  the  raw  data. 


D.  CONCLUSIONS 

1.  PART  1  -  MORE  THAN  THREE  SETS  OF  OBSERVATIONS 


The  results  for  Part  1  show  that  the  error's,  which  occur  when  predicting  a 
target's  Dosition  and  velocity,  are  strongly  dependent  on  the  target’s  slant  range. 
Several  computer  runs  were  made  to  determine  how  much  effect  parameters  such 
as  azimuth,  elevation,  and  target  velocity  had  on  or-  As  the  second  plot  shows, 
target  velocity  had  very  little  effect  on  range  error.  Changes  in  azimuth  and  eleva¬ 
tion  shifted  the  curves  slightly  but  the  predominant  factor  in  all  of  these  cases  was 
definitely  target  range.  If  a  large  population  of  orbits  were  considered,  they  would 
fall  into  bands  or  families  of  curves  and  the  common  characteristic  of  any  particu¬ 
lar  family  would  be  slant  range.  As  would  be  expected,  predic^on  errors  increase 
with  increasing  observation  errors;  in  fact,  prediction  errors  are  a  linear  function 
of  observation  errors .  The  curves  show  that  prediction  errors  decrease  when  more 
observations  are  taken  during  a  given  tracking  interval.  This  improvement  occurs 
because  more  information  concerning  the  orbit's  shape  is  used  in  prediction  target 
position  and  velocity  at  the  reference  time .  Once  position  and  velocity  at  the.  refer¬ 
ence  time  are  determined,  one  can  predict  target  position  and  velocity  at  future  times, 

1. e.,  predict  around  the  orbit..  The  results  reveal  that  confidence  tube  radius  is 
related  to  the  earth  central  angle  between  the  initial  or  reference  position  and  the 
predicted  position.  When  predicting  around  an  orbit,  the  tube  radius  increases 
until  the  halfway  point  in  the  orbit  is  reached  and  then  it  decreases  until  the  tube 
radius  corresponding  to  a  prediction  ahe«.d  of  one  period  equals  the  tube  radios  at 
time  equal  to  zero.  Tube  length  which  ia  actually  a  time  error  (time  error  x  tar¬ 
get  velocity  =  tube  length)  constantly  increases  as  one  predicts  around  an  orbit. 

2.  PART  2  -  THREE  SETS  OF  OBSERVATIONS 

The  results  for  Part  2,  as  for  Part  1,  show  that  the  errors  which  occur  when 
predicting  a  target's  position  and  velocity  are  strongly  dependent  on  target  range. 

The  curves  show  that  estimation  errors  decrease  as  the  time  interval  between  ob¬ 
servations  increases.  The  reason  for  this  behavior  is  that  a  greater  arc  of  the 
target's  orbit  is  brought  into  the  calculation  and  given  observation  error  can  produce 
leas  effect  on  the  apparent  shape  of  the  orbit.  For  each  particular  orbit,  curves 
are  shown  for  a  limiting  range  of  time  intervals  because  the  angle  only  program 
does  not  converge  for  time  lapses  ouMde  this  range.  The  reasons  for  this  be¬ 
havior  will  now  be  explained.  When  '  ,e  time  lapse  between  observations  1  ecomes 
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too  small,  the  orbit's  shape  approaches  a  straight  line  but  it  is  still  an  arc  concave 
toward  the  earth.  The  generated  errors  can  cause  a  physically  unrealizable  prob¬ 
lem  by  changing  the  shape  of  the  orbit  to  a  convex  arc;  as  a  result,  the  angle  only 
program  will  not  converge.  When  the  time  interval  becomes  too  large,  the  quad¬ 
ratic  equations  describing  azimuth  and  elevation  yield  initial  estimates  ^  angular 
velocities  and  accelerations  which  are  so  far  in  error  that  the  angle  only  program 
will  not  converge .  This  trouble  could  be  eliminated  by  jjsing  more  exact  equations 
which  yield  better  initial  estimates  of  A0,  E0,  A0,  and  Ec.  In  interpreting  the  re¬ 
sults,  it  should  be  realized  that  most  of  these  targets  are  sited  at  very  large  ranges 
and  though  the  absolute  errors  may  appear  large,  they  are  actually  only  a  small 
percentage  of  total  range . 

E.  DISCISSION 


Included  on  the  following  pages  is  a  detailed  discussion  of  the  methods  used  in 
the  accuracy  study.  For  both  parts  of  the  study,  a  flow  chart  is  initially  presented 
and  then  discussed  .  (Figure  V-12). 


The  following  is  a  discussion  of  those  portions  of  the  flow  chart  which  might 
raise  some  questions.  As  previously  mentioned,  the  first  step  in  handling  optical 
data  is  to  smooth  to  a  set  of  angles,  angular  rates,  and  angular  accelerations  at 
the  reference  time.  For  tracking  periods  which  are  small  with  respect  to  the  tar¬ 
get's  period,  azimuth  and  elevation  may  be  represented  by  the  following  independ¬ 
ent  quadratics. 


A.  =  A  +  A  (t.  -  t  )  (t.  -  t  )2 

i  o  o  '  x  o'  2  1  o' 


Eo  2 

Ei  =  Eo  +  Eo  (ti"to)+“f  W 


(1) 

(2) 


By  fitting  the  above  two  independent  second  order  polynomials  to  the  data,  it  is 
possible  to  determine  the  best  estimates  of  the  angles,  angular  rates,  and  angular 
accelerations.  True  values  can  not  be  obtained  because  the  data  insusceptible  to 
error.  The  estimates  of  A0,  A0,  A0etc.,  will  be  denoted  by  £0,  A0,  A0etc.  The 
least  squares  criterion  was  chosen  to  fit  the  above  equations  to  the  data.  It  speci¬ 
fies  the  second  degree  polynomials  which  minimize  the  sum  of  the  squared  values 
of  the  differences  between  the  data  and  the  polynomials  at  the  times  of  observation. 
Using  the  least  squares  criterion,  the  following  equations  which  statistically  describe 
the  beat  estimates  of  A0  A0  Ao  E0  E0  B0  were  derived  (see  Appendix  IV).  The 
equations  are  baaed  upon  a  zero  reference  time  (to  -  0)  and  an  equal  number  of  ob¬ 
servations  before  and  after  the  reference  time . 
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%A  =  0 

In  the  above  equations, 

j  i2  .  M  (M  +11  (2M  +  1) 
i=l  6 

M  4  M  (M  +  1)  (2M  +  1)  (3M2  4-  3M  -  1) 
E  i  - - - 


i=l 
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(8) 


(9) 


(10) 


's . 


The  corresponding  equations  for  elevation  are  identical  with  E's  replacing-  A ’s 
Equates  3  through  8  statistically  define  all  the  angular  estimates  (ft,  £  A  etc  ) 
aj  they  are  used  to  simulate  the  errors  which  exist  in  these  estimates  (Aft,  ’  AA, 


Av 


18  "0t  correlat®d  with  Ao  or  Ao  we  can  simulate  AA  with  a  simple 


multiplication. 


A  A 
AA  ,  a*Zj 


Similarly  for  E 

❖ 

AE 


°EZ2 


(11) 


(12) 


unitrvaAanc|are  ^  rand°m  "Umbers  from  a  normal  distribution,  zero  mean, 

i  ^Jnu*aJin8  ^A  and  A  A  is  somewhat  more  involved,  since  An  and  are  cor¬ 
related  a.  described  by  equation  7.  The  general  equations  need°ed  to  generate  A^ 
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AYj  cos  9  -  AY^  sin  9 


AYj  sin  9  +  AYg  cos  6 


where  Z^  and  Z4  are  random  numbers  from  a  normal  population . 

y\ 

The  equations  for  AE0  and  AE0  are  similar  to  equations  13  through  19  with  fcl's 
replacing  A's  and  Z3  and  Z4  replaced  by  Z5  and  Z6  respectively.  Equations  U 
through  K>  are  the  optical  error  equations  referred  to  in  the  flow  chart. 

The  only  remaining  portion  of  the  flow  chart  which  calls  for  explanation  is  the 
variance  -  covariance  calculation  step.  After  1,000  Monte  Carlo  Loops  the  error 
introduced  by  deviations  from  a  normal  distribution  was  considered  negligible.  It 
then  remains  to  determine  the  moment  matrix  which  statistically  describes  the 
errors  at  the  reference  point.  After  1,000  loops  there  are  1000  values  of  R,  A,  E, 
H,  A  and  E  in  computer  memory  and  each  element  of  the  moment  matrix  can  be 
calculated.  The  following  definitions  were  used.  By  definition  the  mean  value  of  a 
variable  X  Is; 


X  - 


,  NN 

w  s 

1~1 


where  NN  =  No.  of  Monte  Carlo  Loops  (1,  000  in  this  study) 
Similarly,  the  variance  of  X  is  defined  by  the  following  equation: 

2  1  NN  _  2 
aX  =  ~NN  2  <VX> 

i-l 
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The  covariance  between  two  variables  X  and  Y  is  (Mined  below 


2  1  NN 

°XY  =  NN  £  <Xi  ‘  X>  <Yi  “  Y) 

After  being  calculated,  the  mean  values  of  R,  A,  E,  R,  A  and  E,  along  with  the 
6X6  moment  matrix  are  used  as  the  input  for  an  in  house  computer  program  which 
calculates  confidence  volumes  at  specified  future  times  in  the  orbit.  Rather  than 
calculate  the  conventional  confidence  ellipse  an  equivalent  tube  was  determined. 

The  confidence  tube  is  oriented  with  its  axis  colinear  with  the  target  velocity  vector. 
A  sketch  of  a  typical  error  tube  is  shown  below. 


length 

radius 


For  the  case  of  three  sets  of  optical  data  it  is  possible  to  carry  out  the  accur¬ 
acy  study  by  using  the  complete  angle  only  program  which  has  been  written  and 
checked  out.  As  stated  in  the  introduction  the  angle  only  program  is  capable  of 
predicting  an  orbit  exactly  from  three  sets  of  uncrrored  optical  data.  A  complete 
flow  chart  for  the  angle  only  program  is  shown  on  the  next  page.  The  Monte  Carlo 
study  can  be  carried  out  by  merely  erroring  the  Input  to  the  angle  only  program 
(A  j  E|  A2  E2  A  j  £3)  and  calculating  the  moment  matrix  after  1, 000  Monte  Carlo 
loops. 
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Figure  V-H.  Flow  Chart  —  Orbit  Estimation  from  Three,  Equally  Spaced 

Sets  of  Optical  Data 

,  Best  Available  Cop, 


SECTION  VI.  RECOMMENDATIONS  FOR  FUTURE  WORK 


This  report  covered  only  techniques  suitable  for  passive  separation  of  orbiting 
objects  in  the  night’s  celestial  environment.  Thus  separation  techniques  not  felt  to 
offer  sufficient  practicality  to  the  defined  tasks  were  eliminated  (see  also  Section 
I- A). 


The  study  of  separation  by  "track"  direction  is  similar  to  that  of  time  separa¬ 
tion  except  particular  note  is  taken  for  further  alarm  processing.  Since  alarm 
processing  was  not  included  in  the  task,  this  has  not  been  discussed.  The  matter 
of  a  fixed  mount  when  using  a  time  cycle  compatible  to  limiting  star  "tracks"  to  few 
resolution  elements  versus  many  for  targets  was  compared  briefly  to  the  sidereal 
mount  (star  fixed)  and  found  to  be  similar:  that  is,  in  the  sidereal  mount  case,  the 
stars  jittered  a  few  resolution  elements  due  to  mount  or  atmospheric  dancing  in 
addition  to  registration,  thus  it  is  a  matter  of  w’hether  it  is  more  practical  to  have 
the  mount  jogged  to  respective  star  fields  from  stationary  positions  or  from  a  con¬ 
tinuing  sidereal  motion.  Since  the  mount  would  not  be  clamped  stationary,  but  held 
by  the  power  drives,  It  requires  more  power  to  jog  to  the  next  position  than  in 
overriding  a  sidereal  motion.  Thus  the  latter  is  favored  even  in  this  case. 

Allied  studies  not  covered  by  this  POTI  task  that  should  be  considered  for 
further  study  of  the  surveillance  task  include: 

A .  Threat  Analysis 

B.  Hybrid  Stereo  -  M.T.I.  Storage  System  Study  extending  the  effort  initiated 
in  Section  III-E 

C.  Electronic  Signai  (Peak)  Detection  matched  to  frequency  response  band  for 
rise  time  of  star  and/or  target  signals . 

D.  Capability  and  Limitations  for  rapid  detection  of  distant  (low  intensity) 
objects. 

E .  Study  of  required  processing  (termed  alarm  processing)  after  initial  sep¬ 
aration,  considering  target  characteristics,  motions,  etc.,  use  of  "a 
prior"  knowledge  of  known  moving  targets  to  reduce  alarm  processing, 
etc. 

F .  Individual  Separation  Evaluation  Measurements 

O .  Optic  system  specifications  and  measurements  to  insure  necesrary  per¬ 
formance  of  Urge  fast  optics 

H .  Data  accuracy  versus  orbital  mechanics 

I.  improving  orbital  predictions  by  track  augmentation  of  surveillance 
(detection)  Systems 


APPENDIX  I.  PROBABILITY  OF  OCCULTATION 


A.  DERIVATION 

Assuming  a  linear  image  growth  relation,  the  angular  image  siae  is 


d  =  a  +  b  (Mj.  -  m) 


m  _<  M^ 


a-i> 


Where: 


M  =  Threshold  magnitude  of  the  detector  or  the  magnitude  of  a  just 
detectable  source . 

m  =  Magnitude  of  the  source . 

d  =  Angular  size  of  the  image  in  seconds  of  arc. 

a  -  Minimum  angular  size  of  the  image  or  the  size  of  a  just 
detectable  image  in  seconds  of  arc 

b  =  Rate  of  image  growth  in  seconds  of  arc  per  magnitude. 


Assuming  a  circular  image  ,  its  solid  angle  is 


"l  <"»  ■  \  (iro) 


(3600) 


ateradiana 


d-2) 


The  solid  angle  of  the  field  of 

2 


uf  *  * 


(l8o) 


steradians 


(1-3) 


Where*  =  Angular  size  of  the  square  field  of  view  in  degrees. 


Since  the  angular  siae  of  the  image  ia  proportional  to  the  magnitude  of  the 
source,  it  la  necessary  to  know  the  bri£tneas  distribution  of  the  atara  within  the 
field  of  view.  Defining 

N  *  The  number  of  stars  per  square  degree  with  a  brightness  within 


m 


the  range  jn  to  m  -  A  magnitudes . 


The  number  of  atara  x  m  with  hi  the  ft* Id  af  view  whose  brightness  lias  between  m 
and  m  *  A  magnitudes  is: 


m 


♦  *  N 


m 


d-4) 


and  the  total  solid  angle  occupied  b jr  atara  within  the  field  of  view  and  within  the 
brightness  range  in  to  m  »  A  a^pHHlaa  ia  approximately 

u>m  *  Wj  (»)♦  *  N—  (I-S) 
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The  total  solid  angle  is  assumed  equal  to  the  sum  of  the  solid  angles  contributed 
ftom  each  magnitude  interval  beginning  with  the  threshold  magnitude.  Thus. 


=  £  >t> 


m  =  M 


OJj  <m)  N 


m 


t 


probability  of  occultation  Q(B)  is  then: 

Q<B,  =  100  =  iMi2  V  u  (m}  N 

"f  m  =  M  1  m 


percent 


Substituting  equation  (1-2)  and  equation  (1-3)  into  equation  (1-7), 
100  U  2 


Q(B)  = 


l  d  2N 

u  _  _  m  r 


4(3600)  m  =  Mt  m  m 


Substituting  equation  (1-1)  into  equation  (1-8), 

100  7T  V  ..  ......  2 


Q(B)  = 


4(3'00)^ 


S.  Nm  (a  +  b  (Mt  -  m))S 


(I-t 


(1-7 


(!•>' 


or 


loo  n 


4(3600) 


T  2  Nm  (®2  +  ^  <Mt  -  m>  +  h2  (Mt  -  m)2) 


100  It  v  2  9 

* - 2*  4,"  Nm  2ab  Nm  <Mt  *  *«)  +  b2  N  (M,  - 

4(3600)  m  m  t  m  t 


m) 


Q(») 


100  I  a 
4(3600)5 


l>m  ♦  2> (M-„» 


2(3600) 


2>m  (M,  -  m,2 
4(3800) 2  m  1 

H  -  —  *2  X  Nm  *  m>2 

1  4(3600;  m  * 


(M0) 


H„ 


100  V  v 


2(3600) 


2  £  Nrn  (Mt  *  m) 


H 


?oo  v 


3  4<3#00)2 


l  «. 


m 
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Relative  Response  -  percent 


Then, 


percent 


(1-11) 


Q(B)  =  b2  Hj  +  ab  H2  a2  Hg 

The  probability  of  oceultation  can  thus  be  obtained  from  a  knowledge  of  the 
minimum  size  of  +he  star  image  a,  the  slope  of  the  image  growth  characteristic  b, 
and  the  three  constants  Hi  H2  H3  which  depend  on  the  threshold  magnitude  of  the 
detecting  system  and  the  star  population  in  the  region  of  the  sky  being  examined. 

The  probability  of  non-occultation  P(B)  is,  of  course: 

P(B)  =  1  -  Q(B)  (I_12) 

The  star  population  is  a  variable  that  is  known  only  approximately.  Many  fac¬ 
tors  combine  to  make  an  absolute  distribution  very  difficult  to  obtain.  The  densities 
that  have  been  obtained  depend  to  a  great  extent  on  the  equipment  and  techniques 
used .  Most  star  counts  are  in  terms  of  photographic  or  visual  magnitudes .  Varia¬ 
tions  among  observers  is  common.  Neither  the  photographic  nor  the  standard  visual 
response  matches  the  S-20  image  orthicon  response.  Therefore  it  should  be  expec¬ 
ted  that  star  densities  as  seen  by  the  image  orthicon  will  differ  from  the  other  ob¬ 
servations  . 


Figure  AI-1,  Detector  Relative  Response 


Figure  AI-1  shows  the  relative  response  of  the  standard  eye.  type  103-0  un¬ 
sensitized  film,  and  the  S-20  photocathode.  Figure  AI-2  shows  the  approximate 
distribution  of  the  wavelength  of  maximum  radiation  and  the  approximate  population 
of  stars  of  different  spectral  types.  Radiation  from  a  particular  class  is,  of  course, 
not  confined  within  the  narrow  bands  shown.  The  bands  only  serve  to  roughly  indi¬ 
cate  the  regions  within  which  the  peak  radiation  of  that  class  may  fall .  It  is  seen 
that  the  S-20  response  Would  exclude  the  class  O  and  B  stars  that  would  be  included 
in  the  photographic  response.  On  the  other  hand,  the  S-20  response  would  Include 
most  of  the  class  K  and  a  few  of  the  class  M  stars  that  would  not  be  included  in  the 
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! "  ; 

1 

:: 

Wavelength  of  Maxima  Radiation  .  microns 

Figure  AI-2.  Relative  Di-  ribution  of  Star  Classes  vs  Wavelength  of  Maximum 

Radiation 

photographic  response.  At  the  galactic  equator  it  would  appear  that  stars  lost  at 
Ae  blue  end  of  the  spectrum  woc’d  not  be  compensated  by  the  extra  stars  seen  at 
the  red  end.  The  photographic  densities  would  therefore  be  likely  to  be  higher  than 
the  densities  seen  by  the  image  orthicon  at  the  equator.  At  the  galactic  pole  it 
would  seem  that  the  two  densities  might  be  about  equal .  In  the  absence  then  of 
better  data,  the  use  of  photographic  data  in  image  orthicon  applications  is  probably 

C stifled  as  being  within  the  range  of  experimental  error.  Visual  data  would  proba- 
y  be  less  accurate . 


The  star  distributions  used  in  this  calculation  are  from  International  Critical 
Tables,  Vol .  II  (McGraw  Hill) .  Three  distributions  were  used .  These  distributions 
are  tabulated  in  table  AI-1 .  The  density  at  the  galactic  pole  represents  a  minimum 
distribution,  and  that  at  the  equator  rapsweents  a  maximum  distribution.  The  0°  to 
fOP  average  is  similar  to  the  density  between  20  and  25  degrees  latit;ide.  This  rep¬ 
resents  a  working  average . 

Using  these  star  distributions,  values  of  p  were  computed  for  threshold  magni¬ 
tude  intervals  of  one  magnitude .  These  values'  are  tabulated  in  table  AI-2 .  The 
fractional  value  of  the  argument  of  table  AI-2  results  from  the  arrangement  df  the 
original  data.  To  convert  the  table  to  integral  values  of  threshold  magnitude,  table 
AI-2  has  been  interpolated  to  produce  table  AI-3.  Table  AI-3  presents  the  same 
lUformation  as  table  AI-2  except  in  integral  values  of  M^. 

In  order  to  facilitate  the  prnfrdMlltjr  calculation,  the  following  partial  probabili¬ 
ties  are  defined: 


F1  =  b  Hi 
Fg  -  ab  Hg 


(1-13) 


V 


Thus:  q(B)  =  Fj  +  Fg  +  Fg 


0-14) 


Charts  have  been  prepared  for  each  of  these  three  star  distributions  so  that  equa¬ 
tions  (1-13)  may  be  solved  by  entering  with  the  values  of  threshold  maenitude,  mini¬ 
mum  image  size,  image  growth  rate,  and  the  product  of  image  size  and  growth  rate. 
These  charts  are  shown  in  figures  AI-3  through  AI-11. 


The  use  of  these  charts  may  be  illustrated  through  an  example.  An  image  or- 
thicon  detector  has  a  field  of  view  of  3  de'grees  with  a  1200  line  resolution.  The 
operating  conditions  are  adjusted  to  produce  a  2  line  image  with  a  threshold  source. 


It  is  required  to  find  the  non-occultation  probability  P(B)  as  a  function  of  thresh¬ 
old  magnitude  for  image  growth  rates  of  J),  1, 0,  and  1, 5  lines  per  magnitude,  and 
for  0°  and  90°  galactic  latitude  star  densities. 


The  number  of  lines  are  converted  to  equivalent  angular  diameters  through  the 
relation: 


a  =  3600 


N, 


3600 


3  degrees 
1200  lines 


n 


3n 


seconds 


(1-15) 


Thus: 

and: 


where:  *  =  Field  of  view  in  degrees 
N.  -  Number  of  lines  per  scan 

n  =  Image  size  in  lines 
a  =  Image  size  in  seconds  of  arc 


a  =  2  lines  =  18  seconds  of  arc 


Growth  Rate 

b 

ab 

lines/mag. 

(dec/mag) 

(sec2 /mag) 

(defc/mag 

0 

0 

0 

0 

1.0 

9 

162 

12.7 

1.5 

13.5 

243 

15.6 

It  is  seen  from  equation  (1-13)  that  whenj>  =  0,  then  =  Jfg  =  &•  Thus  only 
Jf3  need  be  found.  For  0°  latitude,  enter  Figure  1-5  with  a  "  U  setfonBs  and  find 
£3  -  0.  0072  for  a  threshold  magnitude  of  J9.  Then: 

Q(B)  =  0.  0072  percent  for  0°  latitude,  =  9,  and  b  =  0 

For  &°  latitude  and  £  =  JJ),  enter  Figure  AI-3  with  b  J  sec.  /mag.  and  find 
*  0. 00245  for  a  threshold  magnitude  of  H.  Enter  Figure  1-4  with  ab  =  12. 7  arid 
find  F2  =  0. 0052.  The  value  F3  =  0. 0072  has  already  been  found  above.  Now: 


Q(B)  =  0.00245  +  0.0052  +0.0072  =  0.0149  p-  ient 

Completing  the  process  for  both  distributions,  aJi  image  growth  rates,  and  thresh¬ 
old  magnitudes  from  £  toil),  the  results  are  tabulated  in  Table  AI-4. 
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Table  AI-? 


Number  of  Stars  per  Square  Degree  per  Half  Magnitude  Interval 
(Derived  from  International  Critical  Tables,  Vol  II,  McGrawHill) 

Magnitude  Average  Number  Average  Number  Average  Number 
Interval  0°  Galactic  Latitude  90°  Galactic  Latitude  0°  to  90°  Latitude 


4.0  + 

.0155 

.00872 

. 00457 

4.  5  to  4.0 

.0108 

. 00608 

. 00303 

o. 0  4. 5 

.0184 

.  0104 

.0056 

5.5  5.0 

.0313 

.  0175 

.  0087 

6,0  5.5 

.053 

.0283 

.0153 

6.5  6.0 

.085 

.0493 

.0245 

7.0  6.5 

.  149 

.  0796 

.0405 

7.5  7.0 

.241 

.  1316 

.  0678 

8.0  7.5 

.396 

.2185 

.  106 

8.5  8.0 

.70 

.364 

.  171 

9.0  8.5 

1. 12 

.  601 

.  278 

9.  5  9.  0 

1.86 

.  945 

.425 

10.0  9.5 

3.09 

1.  525 

.  67 

10.5  10.0 

4.83 

2.475 

1.  00 

11.0  10.5 

8.3 

4.  03 

1.55 

11.5  11.0 

13.0 

6.  12 

2.  25 

12.0  11.5 

21.1 

9.  74 

3.  38 

12.5  12.0 

36.4 

15.4 

4.  8 

13.0  12.5 

53.3 

24.  45 

6.6 

13.5  13.0 

89.8 

36.2 

9.  55 

14.0  13.5 

137.5 

56.4 

13.  75 

14.5  14.0 

218 

81.2 

18.5 

15.0  14.5 

324 

123.  5 

24.0 

15.5  15.0 

499 

174.5 

33.0 

16.0  15.5 

727 

257 

42  .  0 

16.5  16.0 

1100 

382 

56.8 

17.0  16.5 

1560 

523 

70.0 

17.5  17.0 

#  2290 

760 

83.0 

18.0  17.5 

3150 

1010 

107 

18.5  18.0 

4240 

1330 

138 

19.0  18.5 

6420 

1820 

160 

19.5  19.0 

7950 

2520 

179 

20.0  19.5 

11000 

3170 

219 

20.5  20.0 

15150 

3920 

237 

*1,0  20.5 

19200 

5170 

248 
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Table  AI-3 


Tabulation  of 


Magnitude 

Hi  for  0° 

Latitude 

%  for  90° 
Latitude 

Hjl  for  0°  to  90° 
Latitude  Average 

9 

0. 000031 

Q. 0000087 

0.000017 

10 

0.000089 

0. 00002m 

0. 000048 

11 

0. 00025 

0.000062 

0.000131 

12 

0.00068 

0.00015G 

0.00035 

13 

0.0018 

0.000375 

0. 00092 

14 

0.0049 

0.00087 

0. 0023 

15 

0.0129 

0.0019 

0.0057 

16 

0.0322 

0.  0041 

0. 0138 

17 

0.080 

0.0082 

0.032 

18 

0. 186 

0.0160 

0.071 

19 

0,43 

0.0295 

0.  156 

20 

0.91 

0.0495 

0.  320 

Magnitude 

Tabulation  of  H2 

H2  for  0°  H,  for  90° 

Latitude  Latitude 

H2  for  0°  to  90° 
Latitude  Average 

9 

0. 000033 

0.  0000088 

0. 0000172 

10 

0. 000089 

0.000023 

0. 000048 

11 

0. 000245 

0.000057 

0.00013 

12 

0. 00067 

0.  000140 

0. 00033 

13 

0.0018 

0.000315 

0.  00085 

14 

0. 0047 

0.  00070 

0.0021 

15 

0.0119 

0.  00145 

0.0951 

16 

0.029 

0.0029 

0.0117 

17 

0.069 

0. 0056 

0.0265 

18 

0.155 

0.0101 

0.  057 

*  19 

0.33 

0.0178 

0.117 

SO 

•.68 

0.029 

0.23 

Magnitude 

Tabulation 

H3  for  0° 

Latitude  ' 

«h3 

H3  for  90° 
Latitude 

Hg  for  0°  to  90» 
Latitude  Average 

9 

0. 000022 

0.  0000055 

0.0000119 

10 

0. 000058 

0.0000137 

0. 000031 

11 

0.000159 

0.  000033 

0. 000079 

12 

0.  00042 

0.  000073 

0. 00020 

13 

0. 0011 

0.  000152 

0. 00049 

14 

0.  0028 

0.00032 

0.00117 

15 

0.0068 

0.00061 

0. 00265 

16 

0.0159 

0.00112 

0.0058 

17 

0.035 

0.00197 

0.  0122 

18 

0.  073 

0. 00323 

0.025 

19 

0. 15 

0.0052 

0  048 

20 

0.28 

0. 0078 

0.084 
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Partial  Probability  P«  -  Pare ant 
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Figure  AI-4.  Partial  Probability  F„  0°  Galactic  latitude 
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Figure  AI-5.  Partial  Probability  F  0°  Galactic  Latitude 
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Figure  AI-6.  Partial  Probability  0°  to  90°  Average 
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Figure  AI-8.  Partial  Probability  F  0°  to  90°  Average 
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Figure  AI-11.  Partial  Probability  F  90°  Galactic  Latitude 
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Table  AI-4 


Image  Orthicon  Probability  of  Non-occultation  P(B) 

Number  lines  l'esolution  =  1200 
Field  of  view  =  3  degrees 
Minimum  lines  per  image  -  2 


0°  Galactic  Latitude  SO0  Galactic  Latitude 


Threshold 

P(B) 

P(B) 

P(B) 

P(B) 

P(B) 

P(B) 

Magnitude 

b  =  0 

b  =  1.0 

b  =  1.5 

b  =  0 

b  =  1.  0 

b  =  1.0 

9 

99. 9928 

99. 9851 

99. 9794 

99.  99823 

99. 99608 

99. 99228 

10 

99. 9813 

99. 9597 

99.  9433 

99.  9955 

99. 9899 

99. 9800 

11 

99.  949 

99.890 

99.  844 

99.  9893 

99. 9754 

99. 9507 

12 

99. 867 

99.705 

99.  583 

99. 9765 

99. 9414 

99. 879 

13 

99.645 

99.219 

98. 875 

99.  951 

99.870 

99. 726 

14 

99.  10 

97.94 

97.  06 

99.898 

99.714 

99. 384 

15 

97.82 

94.  95 

92.72 

99. 805 

99.423 

98.  74 

16 

94.  9 

87.7 

82.  1 

99.  64 

98.  85 

97.43 

17 

88.8 

71.5 

57.  9 

99.37 

97.  82 

94.96 

18 

76.3 

36.3 

5.  8 

98.  97 

9C.  05 

90.  7 

19 

51.0 

- 

- 

98.  33 

93. 13 

83.4 

20 

10.  0 

- 

- 

97.5 

89.  0 

73.2 

B.  APPLICATION  TO  PHOTOGRAPHIC  MASK  SEPARATION 

In  most  separation  methods,  all  light  sources  in  the  field  of  view  are  detected 
by  an  image  tube.  The  output  of  the  image  tube  is  then  used  in  a  comparison  proc¬ 
ess  to  reject  background  stars.  The  probability  of  non-occultation  is  primarily  set 
by  the  characteristics  of  the  image  tube. 

The  mask  separation  technique  employs  a  photographic  mask  in  the  optical  sys¬ 
tem  which  blocks  or  greatly  attenuates  the  star  images  while  allowing  the  target 
images  to  proceed  to  an  image  orthicon  unaffected.  The  result  is  an  image  detec¬ 
tion  system  which  is  relatively  insensitive  to  stars  but  which  has  full  sensitivity  for 
the  targets  of  interest.  The  non-occultation  probability  in  this  case  would  be  deter¬ 
mined  by  the  mask  characteristics  if  the  mask  is  constructed  properly. 

Figure  AI-12  shows  three  representative  density-log  exposure  curves  for  photo¬ 
graphic  material.  The  curves  are  characterized  by  a  linear  portion  whose  slope  is 
represented  by  y.  The  lower  end  of  the  curve  departs  from  linear  and  approaches 
a  slope  of  zero.  This  is  the  gross  fog  level.  The  upper  end  of  the  curve  approaches 
a  constant  saturation  density.  The  curves  shown  have  the  same  gross  fog  density 
and  the  same  saturation  density  but  differ  in  slope. 

The  mask  is  initially  exposed  to  produce  image  densities  commensurate  with 
the  threshold  sensitivity.  In  figure  AI-12  the  threshold  magnitude  is  set  at  the  ex  ¬ 
posure-found  by  the  intersection  of  the  linear  part  of  the  curve  with  the  gross  fog 
density.'  The  log  exposure  in  this  case  would  be  -0.5.  The  relation  between  the 
exposure  and  the  source  magnitude  is  given  by 

(Mt  -  m)  =  2.5  log  (1-16) 

t 
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(1-17) 


But: 


D  -  Log— |- 
i 

p 

m  -  m.  =  2.5  Log  —  -  2. 5D 

I  Ij  . 


Then: 


m.  =  m-:-2.5D 


Where:  m.  =  Magnitude  at  image  orthicon 

m  =  Magnitude  at  mask 
D  --  Density  of  mask  image 

The  image  size  relation  for  the  image  orthicon,  from  equation  (T-l),  is 

d.  =  a.  +  b.  (M,  -  m.) 

1  1  i  '  t  v 


Substituting  equation  (1-19)  into  equation  (1-20), 
d.  =  a.  +  b.  ((Mfc  -  m)  -  2.  5D) 


(1-18) 


(1-19) 


(1-20) 


(1-21) 


where  D  =  f(m)  is  derived  from  a  density-log  exposure  curve  such  as  figure  AI-12. 
If  the  density-log  exposure  curve  is  assumed  linear  such  that 


Where: 


D  =  Dt  <Mt  ' 

D  =  Threshold  density 
t 

Mj.  =  Threshold  magnitude 
y  -  Slope  of  density-log  exposure  curve. 


Then  when  equation  (1-22)  is  substituted  into  equation  (1-21), 


d.  =  (a.  -  2.  5  b.  Dfc)  +  (1  -  y)  b.  (Mt  -  m) 


(1-22) 


(1-23) 


From  equation  (1-  23)  it  is  seen  that  the  slope  of  ihe  new  image  growth  curve  will 
be  the  same  as  the  original  curve  whenever  y  ~  0  such  as  at  saturation  or  at  the 
gross  fog  level  of  the  mask.  When  y  lies  between  0  and  1  the  slope  of  the  new 
curve  will  be  between  bj  and  zero.  When  y  is  greater  than  1  the  slope  of  the  new 
curve  is  negative. 

It  should  be  remembered  that  the  image  orthicon  is  adjusted  to  produce  a  mini¬ 
mum  image  size  aj  with  a  signal  at  the  threshold  level.  Thus  image  diameters  less 
than  a]  really  represent  undetectable  images. 

Figure  AI-13  shows  the  image  size  vs.  magnitude  characteristics  of  an  image 
orthicon  used  with  a  mask  having  the  density  relations  of  figure  AI-12.  These 
curves  were  obtained  by  using  equation  (1-21)  with  the  actual  density  curves.  The 
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Figure  AI-13.  Image  Growth  Characteristic  for  an  Image  Orth  icon  Used 

with  an  Image  Cancelling  Mask 


effects  of  the  saturation  region  and  the  toe  of  the  density  curve  can  be  seen.  The 
threshold  magnitude  of  the  density  curve  was  taken  as  the  exposure  level  where  the 
linear  part  of  the  curve  intersects  the  gross  fog  level.  The  dasher!  curves  in  fig¬ 
ure  AI-13  show  the  results  of  setting  the  threshold  magnitude  at  lower  exposure 
levels.  Note  the  pronounced  hump  of  the  -2  magnitude  curve.  The  portion  of  the 
hump  that  lies  above  the  image  orthicon  minimum  image  size  a;  is  a  region  where 
images  will  be  detectable.  If  the  hump  were  also  to  lie  above  TRe  image  size  curve 
for  the  mask  it  would  contribute  to  a  decrease  in  the  non-occultation  probability. 

One  of  the  desirable  features  of  a  mask  would  be  to  completely  block  out  star 
images.  If  star  images  were  allowed  to  reach  the  image  orthicon,  an  additional 
separation  means  would  be  required.  The  magnitude  at  which  star  images  are  de¬ 
tectable  at  the  image  orthicon  is  found  by  the  intersection  of  the  image  size  curve 
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with  the  minimum  image  size  line.  For  the  y  =  2  curve  of  figure  AI-13  it  is  seen  that 
this  intersection  is  independent  of  the  setting  of  the  threshold  magnitude  exposure. 
This  is  a  consequence  of  the  assumption  of  a  constant  saturation  density.  If  y  is 
always  greater  than  1  the  image  size  curve  is  always  negative  and  never  intersects 
the  minimum  image  size  line  (provided  it  starts  at  less  than  the  mimimum  image 
size).  When  a  saturation  limit  exists  where  the  density  reaches  a  constant  maxi¬ 
mum,  then  from  equation  (1-23)  the  slope  of  the  image  size  curve  will  be  b^,  the 
same  as  it  would  have  been  without  the  mask.  The  image  size  curve  in  this  region 
can  be  written  as 


d  =  (a.  -  2.  5  b.  D)  +  b.  (Mj.  -  m)  (1-24) 

The  point  where  this  curve  intersects  the  minimum  image  size  line  d  =  a.  is  found 
by  setting  trie  image  size  equal  to  the  minimum.  — 

a.  =  (a.  -  2.5  b.  D)  +  b.  (M,  -  m) 

l  '  l  l  '  l  '  t 

or: 

(Mt  -  m)  =  2.5  D  (1-25) 


The  point  at  which  star  images  are  detectable  is  thus  dependent  on  the  satura¬ 
tion  density.  For  a  range  of  15  magnitudes,  for  example,  a  saturation  density  of  at 
least  6  would  be  required  to  prevent  star  images  from  appearing. 


The  discussion  has  brought  out  some  of  the  relations  necessary  for  insuring 
that  the  non-occultation  probability  would  be  set  by  the  mask  rather  than  by  the 
image  orthicon.  The  mask  charactei'istics,  being  usually  better  than  the  image 
orthicon,  would  allow  higher  probabilities  to  be  achieved.  The  principal  improve¬ 
ment  would  result  from  the  lower  minimum  image  size  obtainable  with  the  mask. 
Neglecting  for  the  moment  alignment  errors  and  systematic  atmospheric  effects, 
the  minimum  image  size  attainable  with  a  photographic  mask  would  probably  be 
limited  by  atmospheric  seeing  conditions  to  something  like  one  to  three  seconds  of 
arc.  The  minimum  image  size  of  the  image  orthicon  is  limited  by  the  scanning 
line  density.  At  Least  one  line  is  required  for  a  detectable  image  and  two  lines  are 
usually  used.  Since  the  total  number  of  scanning  lines  is  independent  of  the  field  of 
view,  the  angular  size  of  the  image  wiil  be  a  function  of  the  field  of  view.  The  re¬ 
lations  of  equation  (1-15)  would  apply  . 


a  =  3600  — rr—  n  seconds  of  arc 
N 


(1-26) 


where  *  =  Field  of  view  in  degrees 

N  =  Number  of  scanning  lines  over  the  field  of  view 
n  =  Image  size  in  lines 

Thus  for  a  typical  field  of  view  of  3  degrees  with  1200  scanning  lines,  the  minimum 
image  size  would  be  about  18  seconds  for  a  2  line  image.  This  is  about  6  times 
greater  than  that  obtained  with  a  mask.  Other  considerations,  however,  will  tend 
to  narrow  this  difference. 
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APPENDIX  II.  BI-STATIC  SPACE  SURVEILLANCE  SYSTEM 
CALCULATIONS 

A.  PARALLAX  CALCULATIONS 

In  this  section  the  equations  defining  the  maximum  and  minimum  parallax  of  a 
body  in  space  relative  to  two  separated  sites  on  earth  are  derived. 

The  geometry  of  the  problem  is  illustrated  in  figure  AII-1.  The  two  sites  are 
located  at  points  1  and  2  and  the  target  is  at  point  3„  The  elevation  angle  of  the 
target  at  the  first  site  is  Ej  and  is  the  azimuth  of  the  target  at  the  first  sites 
measured  counterclockwise  from  the  great  circle  joining  the  sites.  The  altitude  of 
the  target  is  denoted  by  h  and  the  great  circle  distance  between  sites  by  D.  The 
parallax  is  deno  ed  by  </>, 

The  spherical  triangle  ABC  in  figure  AII-1  is  defined  on  the  unit  sphere  with  the 
target  at  its  center  and  its  vertices  correspond  to  the  points  where  the  vertical  and 
the  two  lines  of  sight  from  the  two  sites  to  the  target  penetrate  the  sphere.  Apply¬ 
ing  the  law  of  cosines  to  this  triangle, 

cosd  -  cos  q^.cos  ov>  +  sin  o^.sin  a9  cos  A  (II-l) 


where  is  the  angle  between  vertical  and  the  line  of  sight  from  site  1  to  the  target, 
measured  at  the  target;  op,  is  the  angle  between  the  vertical  and  the  line  of  sight 
from  site  2  to  the  target,  measured  at  the  target;  and  A  is  the  azimuthal  angle  be¬ 
tween  the  sites,  as  measured  at  the  target. 


Applying  the  law  of  sines  to  the  triangle  103,  the  following  expression  for  a\ 
is  obtained. 


r 

sin  oq  =  — cos  j? 

1  r0+h  1 


(H-2) 


The  law  of  cosines  applied  to  the  spherical  triangle  124  results  in  the  following 
equation 


cos  0n  =  cos  /3.  cos  —  +  sin  /3,  sin  —  . 

2  1  r  1  r  cos  A 

o  o  1 

The  angle  0^  is  related  to  and  by 

7T 


*1  =2 


“I"  «1 


Substituting  for  0^ 
cos  02  = 


in  equation  (II-3)  it  reduces  to 

cos  —■  sin  (E^  +  a^)  +  sin  “■  cos  (E^  +  q^)  cos  A^ 
o  o 


(H-3) 


(H-4) 


(II— 5) 


SR 
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Figure  All-1,  Bistatic  System  Geometry 


The  law  of  sines  applied  to  triangle  203  results  in  the  following 


sin  a2  =  sin  («2  +  P2) 


Expanding  this  equation  and 'solving  for  a2  the  following  results, 
sin  /3g 

tar.  a2  = 

— - - cos  /3 

r  2! 

o 


(II-6) 


(D-7) 


AII-2 


t 


(II-8) 


Applying  the  law  of  cosines  to  the  spherical  triangle  124, 
cos  =  cos  cos  iS  +  sin  /3  sin  j3  cos  A 

“  i  it 

Substituting  from  equation  (II— 4)  and  solving  for  cos  A. 

C°SrT  ~  sin  (E1  +  ai)  cos  &2 

cos  A  =  - 2 -  (II- 9) 

cos  (E1  +  a  )  sin 

Equations  (II-l),  (II-2),  (II- 5),  (II-7),  and  (II— 9)  define  the  parallax  in  terms  of  E^. 
h,  D.  and  . 

The  maximum  and  minimum  parallax  which  a  body  at  an  altitude,  h.  will  have 
relative  to  two  separated  sites  on  earth  may  be  determined  by  calculating  the  ex¬ 
tremal  values  of0,  from  the  above  equations.  Because  of  the  complex  nature  of 
these  equations,  however,  this  procedure  is  not  practical  and  it  was  necessary  to 
actually  calculate  the  parallax  over  the  whole  range  of  elevations,  E^.  and  azimuths. 
Ai,  and  determine  the  extremal  values  by  induction.  A  typical  result  is  shown  in 
figure  AII-2  where  the  calculated  parallax  is  plotted  as  a  function  of  the  azimuth  for 
several  elevation  angles,  and  for  one  height  and  one  site  separation. 

From  the  calculations  performed  the  following  conclusions  were  obtained: 

1.  The  parallax  of  a  body  at  a  given  altituue,  h,  and  elevation  angle  E1  is 
minimum  when  the  azimuth  of  the  body  is  zero. 

2.  The  parallax  of  a  body  at  an  altitude,  h,  and  elevation.  E\  is  maximum 
when  the  azimuth  of  the  body  is  very  nearly  7f/2  (or  377/2).  Although,  the 
maximum  occurs  at  an  angle  slightly  less  than  77/2  the  discrepancy  may 
be  neglected  in  the  present  application. 

3.  The  parallax  of  a  body  at  a  given  altitude  and  azimuth  varies  directly  with 
elevation,  being  maximum  at  its  maximum  elevation. 

4.  The  parallax  varies  directly  with  site  separation  and  inversely  with  alti¬ 
tude,  all  other  parameters  remaining  the  same. 

The  parametric  curves  presented  in  the  chapter  on  the  bi-static  system  describ¬ 
ing  the  maximum  parallax  as  a  function  of  the  site  separation,  altitude,  and  eleva¬ 
tion  angle  of  the  body  may  be  obtained  from  <11— 1),  (II— 2),  (II— 5),  (.11-7),  and  (II- 9) 
by  setting  the  azimuth  tqual  to  77/2.  Likewise  the  curves  describing  uie  minimum 
parallax  may  be  obtained  from  these  same  equations  by  setting  the  azimuth  equal 
to  zero. 

B.  FIELD  OF  VIEW  11  EDUCTION 

In  figure  AII-3  the  solid  circle  represents  the  field  of  view  of  one  of  the  sites, 
with  a  diameter  of  6  degrees.  Assume  that  the  other  site  is  located  such  that  in 
the  field  of  view  of  the  second  site  the  target  will  be  displaced  to  the  left  by  an 
amount  equal  to  the  parallax,  0.  In  order  for  the  target  to  be  in  the  field  of  view  of 
both  sites  it  must  not  be  within  an  angle  0  of  the  left  boundary  of  the  field  of  view  of 
the  first  site.  It  must,  therefore,  appear  to  the  right  of  the  broken  lii  e  in  figure  All- 


Figure  All -2.  Calculated  Parallax  Variation  with  Azimuth  and  Elevation 


The  shaded  region  in  this  figure  is  that  portion  of  the  field  of  view  of  the  first  site 
which  the  target  may  be  within  and  still  be  within  the  field  of  view  of  the  other  site.  As 
indicated,  this  region  is  equal  to  the  intersection  of  two  circular  beams  of  width  6 
displaced  from  each  other  a  distance  0,  equal  to  the  parallax.  The  ratio  of  the  solid 
angle  encompassed  by  the  shaded  portion  of  the  beam  to  the  total  solid  angle  of  the 
beam  is  equal  to  the  ratio  of  the  cross-sectional  area  of  the  intersection  of  the  two 
beams  to  the  total  area  of  one  of  the  beams.  The  problem,  therefore,  reduces  to 
that  of  calculating  the  area  of  intersection  of  two  equal  circles  displaced  from  each 
other  by  an  angle  0. 

In  figure  AII-4  the  coordinate  geometry  assumed  in  the  calculation  is  shown. 
The  area  of  the  shaded  portion  of  the  intersection  of  the  semi-circles  is  given  by 
the  integral,  ___________ 

A  =  f  2  y dx  =  J  2  y  —  -  (x  +f  )2  (ii-i4) 
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Performing  the  integration,  equation  (11-14)  reduces  to 

,2 


A  = 


7 r9~ 
16 


-  0 V®2  "  <*2  “  f~  sin"1  (|) 


(11-15) 


This  cori’esponds  to  the  area  of  one  fourth  of  the  entire  shaded  region  in  figure 
All- 3  and  therefore,  the  area  of  this  total  shaded  region  is: 


770 


’I 


,  J~a2  ,2  0“  .  -1,6. 

-01 (0  -  0  sin  (J-) 


(11-16) 


The  area  of  entire  circle  representing  the  single  site  field  of  view  is 
»2 


A  =  — 
s  4 


(11-17) 

Therefore,  the  ratio  of  the  intersection  area  to  the  total  area  of  the  field  of  view  is 


01-18) 


The  ratio  of  the  solid  angle  coverage  of  the  bi-static  system,  when  it  is  re¬ 
quired  that  the  target  simultaneously  appear  in  the  field  of  view  at  both  sites,  to 
the  single  site  solid  angle  coverage  is  given  by  equation  (11-18). 
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APPENDIX  III.  SINGLE  SITE  M.T.I.  SYSTEM  CALCULATIONS 


A.  SITE  DISPLACEMENT  DUE  TO  EARTH  ROTATION  | 

The  amount  a  site  on  the  earth  will  be  displaced  with  time  due  to  earth  rotation 
will  be  a  function  only  of  the  site  latitude.  The  site  will  move  along  a  constant  lati¬ 
tude  circle  at  a  constant  rate.  In  figure  A1II-1  two  successive  positions  of  the  site 
are  shown  separated  by  a  polar  angle  of  6  degrees.  The  equivalent  great  circle  dis¬ 
tance  between  the  site  positions  is  denoted  by  D  and  the  site  latitude  is  denoted  by  j 

> 


N 


Figure  AIII-1.  Site  Displacement  Geometry 


AIII-1 


V, 


Applying  the  law  of  cosines  to  the  spherical  triangle  IN2  in  figure  AIII-1.  the 
following  relation  is  obtained 


D  .  2  .  2  > 

cos  —  =  Sin  A  +  COS  A  cos  p 
r 

o 


The  angle  /i  may  be  related  to  the  time  lapse  by  the  simple  equation. 


l3  =  lot 


(III- 1 ) 


(III--) 


where  /S  is  in  degrees  and  t  is  in  hours.  This  follows  from  the  fact  that  the  D  vth 
rotates  15°  per  hour. 

Substituting  (III— 2)  into  (III—  1) , 


(III- 4) 


cos  — +  -  sin2  A  +  cos2  A  cos  (15t)°  (III-3) 

o 

If  the  time  is  expressed  in  minutes,  equation  (III— 3)  becomes 

D  9  2  t  0 

cos  — =sin  JA  +  cos  A  cos  (  —  )  (III- 4) 

*o  4 

B.  SATELLITE  DISPLACEMENT  DUE  TO  ORBITAL  MO  HON 

The  general  equation  describing  the  oi'bit  of  a  body  in  the  vicinity  of  the  earth  is 
2 

g  y 

7  =  —5 — ,  (l+e  cos  6)  (III-5) 

1  <r2  uf 

where  r  is  the  distance  between  center  of  the  earth  and  the  body,  rQ  is  the  radius 
of  the  earth,  to  is  the  angular  velocity  of  the  body  relative  to  the  center  of  the  earth, 
g  is  the  acceleration  due  gravity  at  the  earth's  surface  (32.2  ft/sec2),  e  is  the  eccen¬ 
tricity,  and  5  is  the  angular  displacement  of  the  body  from  the  perigee  position. 

Solving  equation  (III— 5)  for  the  angular  velocity,  the  following  equation  is  ob¬ 
tained,  _ _ 


(III- 5) 
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At  perigee,  fl  =  0,  and  (III- 8)  gives  for  the  angular  velocity  at  perigee, 
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where  rp  is  the  distance  from  the  center  of  the  earth  to  the  body  at  perigee.  Expres¬ 
sing  rp  m  units  of  rQ  by 


rn  =  nr 
P  o 


(III- 8) 
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Equation  (III-7)  reduces  to 


In  figure  AIII-2  the  angular  velocity  relative  to  the  center  of  the  earth  is  plotted 
as  a  function  of  the  parameter  n  for  eccentricities  of  0  and  1.  The  zero  eccentricity 
corresponds  to  the  case  of  a  circular  orbit  while  the  e  •  1  case  corresponds  to  a 
parabolic  orbit. 

At  apogee.  6  f  .  and  equation  (III— 6)  reduces  to 


where  N  is  given  by 


r 
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where  i\\  is  the  distance  from  the  center  of  the  earth  to  the  body  at  apogee. 

In  figure  AIII-3  the  angular  velocity  at  apogee  relative  to  the  center  of  the  earth 
is  plotted  as  a  function  of  the  parameter  N  for  eccentricities  of  0  and  0.8. 

Figures  AIII-2  and  AIII-3  provide  an  estimate  of  the  angular  velocity  of  a  satel¬ 
lite  relative  to  the  center  of  the  earth  as  a  function  of  the  altitude  and  the  eccentri¬ 
city.  The  angular  velocity  relative  to  an  observer  on  a  stationary  earth  will  differ 
from  that  relative  to  the  center  of  the  earth  and  the  correction  factor  must  be  calcu¬ 
lated. 


For  the  purposes  of  this  analysis  it  is  sufficient  to  determine  the  maximum  and 
minimum  angular  velocity  which  a  satellite  at  an  altitude,  h,  will  be  observed  to 
have  from  a  site  on  earth.  It  Is  assumed  that  the  maximum  angular  velocity  will 
correspond  to  the  perigee  angular  velocity  of  a  body  in  a  parabolic  orbit  (eccentri¬ 
city  =  1.0).  Although  this  angular  velocity  may  be  higher  than  that  which  woulci  be 
observed  for  earth  launched  satellites  it  does  represent  an  upper  limit  and,  as 
figure  AIII-3  indicates,  this  assumption  is  realistic  since  the  perigee  angular  velo¬ 
city  is  not  very  sensitive  to  eccentricity  variation. 


Consider  the  geometry  in  figure  AIII-4  in  wlr  :h  a  target  at  an  altitude,  h,  is 
observed  from  a  site  on  earth  at  an  elevation  angle  E.  The  orbital  velocity  is  de¬ 
noted  by  the  vector  v*.  Since  the  body  is  assumed  to  be  at  perigee  the  orbital  velo¬ 
city,  v*is  perpendicular  to  the  vector,  r*{,  from  the  center  of  the  earth  to  the  target. 


The  maximum  angular  velocity  relative  to  the  site  on  earth  will  occur  when  the 
vector  v*  is  perpendicular  to  the  plane  of  and  fjj  and  will  be  given  by: 
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Figure  AIII-2.  Angulai 


r0*  RADIUS  OF  EARTH 

Figure  AIII-4.  Earth  -  Satellite  Geometry 


where  ton  is  the  angular  velocity  of  the  body  relative  to  the  center  of  the  earth  and 
U  giveX^e  e  Tcurve  ot  figure  AIII-2.  The  vector  *  Is  the  vector  fron,  the 
site  on  earth  to  the  target,  as  indicated  in  figure  AIII-4. 


Applying  the  law  of  sines  to  the  triangle  SOT  in  figure  AIII-4, 


aln  (E  +  n/ 2)  m  sin  tl/ 2  -  E  -  V)  (ID-13) 
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or 


(III- 14) 


cos  E 
cos  (E  +  y) 

where  y  is  the  angle  between  the  and  Fjj  vectors. 
Substituting  equation  (IIH4)  into  (III— 12), 


co  cos  E 

M  =  - 2 _ 

max  cos  (  E  +  y  ) 


(HI- 15) 


The  angle  y  may  be  evaluated  by  applying  the  law  of  sines  to  triangle  in  figure 
AIII-4.  Thus 


r 

sin  y  =  r~h  cos  E 


(111-16) 


Equations  (III— 15 )  and  (III- 16)  and  figure  AIII-2  define  the  maximum  angular 
velocity  which  a  body  at  an  altitude  h  and  at  an  elevation  E  will  be  observed  to  have 
relative  to  the  site  on  a  stationai’v  earth. 


The  minimum  angular  velocity  which  a  body  at  an  altitude  h  wili  be  observed 
to  have  relative  to  a  site  on  a  stationary  earth  will  be  assumed  to  correspond  to  the 
apogee  angular  velocity  of  a  body  in  an  orbit  with  an  eccentricity  of  0.8.  In  this 
case  the  velocity  vector,  iq  in  figure  AIII-4  is  again  perpendicular  to  the  vector  rj. 


The  minimum  angular  velocity  relative  to  the  site  on  earth  will  occur  when  the 
vectorl^is  in  the  plane  defined  by  two  vectors,  fj,  and  fo,  and  will  be  given  by 
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where  co^  is  the  angular  velocity  of  the  body  relative  to  the  center  of  the  earth  and 
is  given  by  the  e  =  0.  8  curve  of  figure  AIII-3. 


Substituting  from  equation  (III-14)  into  (III- 17)  the  following  equation  is  obtained, 
co*  cos  E  cos  y 

A  (III— 18) 


co, 


mm 


cos  (E  +  y) 


Equations  (III-18),  and  (III-16)  in  conjunction  with  the  c  -  0.  8  curve  in  figure 
AIII-3  define  the  minimum  angular  velocity  which  a  body  at  an  altitude  h  and  at  an 
elevation  E  relative  to  an  observer  on  earth  may  be  expected  to  have  relative  to 
the  observer. 
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APPENDIX  IV.  SMOOTHING  FOR  BEST  ESTIMATES 


For  tracking  periods  which  are  small  with  respect  to  the  target's  period,  azi¬ 
muth  and  elevation  may  be  represented  by  the  following  independent  quadratics. 


A.  =  A  +  A  (t.  -  t  )  + 
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(Subscript  "o"  denotes  reference  time) 

The  problem  is  to  obtain  the  best  estimates  of  the  angular  quantities  at  the  reference 
time  by  fitting  the  above  polynomials  to  the  optical  data.  In  the  following  analysis 
the  estimate  of  a  true  quantity  will  be  referred  to  as  an  estimator  and  denoted  with 
a  "hat”  (A). 

i.e.  Estimate  of  the  true  value  of  A  =  .^ 

o  o 

S* 

Estimate  of  the  true  value  of  E  =  E 

o  o 

Since  the  measurements  are  subject  to  errors  (both  random  and  systematic),  the 
estimators  will  also  be  in  error.  The  maximum  likelihood  criterion,  which  reduces 
to  the  weighted  least  squares  criterion  when  measurement  types  are  independent, 
specifies  the  estimators  such  that  the  mean  square  values  of  the  errors  on  the  esti¬ 
mators  are  smaller  than  the  mean-square  value  of  the  errors  on  any  other  unbiased 
estimate.  The  following  assumptions  apply  to  the  analysis  which  follows. 

Assumptions: 

(1)  The  quantities  A  ,  A0,  A0,  E0,  E0,  and  E0  will  be  considered  func¬ 
tionally  independent.  If  the  actual,  physical  constraints  are  introduced 
into  the  analysis,  the  mathematics  becomes  very  difficult  and  involves 
the  solution  of  12  simultaneous  equations. 

(2)  The  reference  time,  t0,  will  be  taken  as  zero. 

(3)  Successive  observations  will  be  separated  by  equal  time  increments. 

(4)  An  equal  number  of  observations  will  be  made  before  and  after  the 
reference  time. 
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N  =  2M  +  1  =  Total  number  of  observations 
Aj  Optical  measurements 

Ej  at  time  t^ 

To  minimize  S,  it  is  necessary  to  choose  the  estimators  so  that  the  total  derivative 
of  S  equals  zero. 
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Since  Aq,  Aq,  Aq,  Eq,  Eq,  and  E0  are  considered  to  be  functionally  independent* 
equation  (IV-4)  is  satisfied  only  when: 
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Using  equation  (IV-3)  and  carrying  out  the  necessary  partial  differentiation  yields: 
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The  following  equations  are  obtained  by  dividing  the  -2/o^2  term  out  of  the  alcove 
equations  since  it  is  not  involved  in  the  summation. 
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The  corresponding'  equations  for  elevation  are  identical  to  those  shown  above  with 
E's  replacing  A's.  Expanding  and  rearranging  terms  in  equations  (IV-12),  (IV-13), 
and  (IV-14)  yields: 
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i  =  M 

where  Y  is  used  to  represent  > 


i  =  -M 


If  it  is  assumed  that  an  equal  number  of  observations  are  made  before  and  -fter 
tQ  -  0  and  that  the  observations  are  equally  spaced  in  time,  the  following  equations 
can  be  written. 
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where  N  =  2M  +  1 
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where  At  =  time  lapse  between  observ. 

The  advantage  of  assumptions  (2)  and  (3)  now  becomes  apparent,  they  make  it  pos¬ 
sible  to  replace  summations  with  closed  expressions.  In  order  to  make  the  writing 
less  bui’densome,  immediate  use  will  not  be  made  of  all  the  equations  (IV-18) 
through  (IV-'22).  Substitution  of  equations  (IV-18),  (IV-19),  and  (IV-21)  into  equa¬ 
tions  (IV- 15),  (IV-16),  (IV-17)  yields: 
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where  T,  has  been  used  to  represent  ^ 

i  =  -M 


The  expression  for  can  be  obtained  from  equation  (IV-24). 
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The  expressions  for  ^  and  fc0  can  be  obtained  by  solving  equations  (IV-23)  and 
(IV-25)  simultaneously. 


From  equation  IV-23,  . 
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Substitution  of  equation  (IV-27)  into  (IV-25)  yields: 
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The  explicit  expression  for  A0  can  now  be  obtained  from  equations  (IV-27)  and 
(IV-28). 


(IV-29) 


The  mean  values  or  expected  values  of  the  estimators  will  now  be  calculated  in 
order  to  determine  if  the  estimators  are  unbiased  or  not.  An  estimator  is  un¬ 
biased  if  its  expected  values  (mean)  is  equal  to  the  true  value  of  the  quantity  being 
estimated.  By  definition  then,  the  estimator  a  is  unbiased  if 
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The  expected  value  of  a  quantity  which  is  not  subject  to  errors  is  that  quantity  it¬ 
self  since  an  unerrored  quantity  is  treated  as  a  constant  when  using  the  expecta¬ 
tion  operator<A  For  example  the  expected  value  of  A0  is  Ao  since  is  treated  as 
a  constant.  (A0  is  the  estimate  of  the  true  value  A0). 

The  expected  value  of  can  be  calculated  by  using  eauation  (IV-26) 


(IV-31) 


Since  time  is  considered  as  unerrored,  it  can  be  treated  as  a  constant. 


(IV- 32) 
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After  setting  tQ  0  in  equation  (IV-i)  it  is  possible  to  write 
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since  all  the  terms  in  the  brackets  are  true  or  unerrored  quantities.  Substitution 
of  equation  (IV-33)  into  (IV-32)  yields 


E 


(IV- 34) 


E  [X]  =  Ao 


(IV-35) 
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Therefore  A0  is  unbiased.  The  same  procedure  will  now  be  used  to  determine  the 
expected  values  of  a0  and  A0. 
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Expanding  and  dropping  odd  power  terms, 
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By  using  equation  (IV-27),  the  expected  value  of  can  be  found. 
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Expansion  of  equation  (IV-41’)  yields 
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It  has  now  been  shown  that  each  of  the  estimators  (^Q,  1^)  is  unbiased. 

The  next  step  is  to  determine  the  expressions  for  the  variances  of  the^stima 
tors.  The  following  statistical  definitions  will  be  used  in  the  analysis.  If  X  is  th 
true  or  errorless  value  of  X  and  AX  is  the  error  then 


X  =  X  +  AX 
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If  the  error  is  random  its  expected  value  is  zero  and 


E  [X]  =  X 

(IV-44) 
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X  =  E  [x]  +  AX 

(IV-45) 

or 

AX  =  X  -  E  [X] 

(IV-46) 

The  variance  of  X  is  defined  as  the  expected  squared  value  of  the  error  AX. 
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The  following  relationships  will  also  prove  to  be  very  useful  throughout  the 
analysis. 
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Using  the  previous  relationships. 


Substitution  of  equations  (IV-26)  and  (IV-32)  into  (IV-50)  yields: 
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Making  use  of  the  relationship  indicated  by  equation  (IV-49), 
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Since  it  is  assumed  that  there  is  nc  autocorrelation  or  cross-correlation  between 
angular  errors  at  different  times  and  that  the  statistics  are  stationary,  the  follow¬ 
ing  equations  are  pertinent. 
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E  £(A  A.  )  (  A  A.)J  =  0  =  Autocorrelation  of  A 
Substitution  of  equations  (IV-53)  and  (IV-54)  into  (IV-52)  yields 
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The  variance  on  A0  is  defined  by 
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Substituting  equations  (IV-28)  and  (IV-36)  into  equation  (IV-56)  yields 
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The  expected  value  of  the  numerator  will  be  calculated  term  by  term 
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Making  use  of  the  relationship  indicated  in  equation  (IV-48),  equation  (IV— 59)  can  be 
wi'itten  as: 
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Substitution  of  equations  (IV-58),  (IV-60)  and  (TV-61)  into  equation  (IV-57)  yields: 
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The  variance  on  A0  is  defined  by  the  equation 


(IV-62) 


ffA  =  E 
Ao 
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Substitution  of  equations  (IV-27)  and  (IV-41)  into  the  above  equation  yields 
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The  expected  value  of  the  numerator  will  be  calculated  term  by  term, 

E  [(s  ^ a^2]  =  e[saAi2+  EEaa.aaJ,  V 

i  t  j 

=  N  cr^  where  N  =  2M  +  1  (IV-65) 

By  using  equations  (IV-28),  (IV-36),  and  (IV-39)  the  following  relationship  can  be 
written 
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Using  equation  (IV-62) 


The  last  step  in  thus  portion  of  the  analysis  is  to  determine  the  covariances  betwef 
the  oatiruutors. 
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Si 

The  covai'iance  between  A  and  A 

o  o 


is  defined  bv  the  following  equation 


e  po  -  e  {K })  (l  -  e  { t})] 

Using  equations  (IV-28),  (IV-36),  (IV-26)  and  (IV-32)  the  following  equation  can  be 
written 


(IV-74) 


Substitution  of  equations  (IV-2(i),  (IV-32),  (TV-27)  and  (IV-41)  into  equation 
(IV-74)  yields  equation  (IV-75), 
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Since  A  A0  is  defined  as  A0  -  E  }  A0j  it  can  be  seen  that  the  second  bracketed  , 
equation  (IV-76)  has  already  been  proven  equal  to  zero.  See  equations  (IV-71) 
through  (IV- 73) 
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Similarly  the  covariance  between  A  and  A  can  be  determined 

oo 

'j,v!!(V!W)(ve(*.})] 

Substitution  of  equations  ( IV-27)  and  (IV-41)  into  equation  (IV-78)  yields: 
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Since  AA0  is  defined  as  A0  -  E  A0  ,  the  following  equation  can  be  written,  usi 
pnimtinns  nnH  /TV-28>  L  J 
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The  relationships  shown  in  equations  (IV-48)  and  (IV-49)  are  again  useful 
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Equation  (IV-79)  can  now  be  written  as 
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(IV- 80) 
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Combining  equations  (IV-62)  and  (IV-81)  yields: 
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(IV- 82) 


All  of  the  useful  results  will  be  repeated  below  and  simplified  using  the  closed 
expressions  given  by  equations  (IV-18)  through  (IV-22).  In  the  following  expres¬ 
sions, 


M 

q  =  M  (M  +  1)  (2M  +  1)  V  -2 

’i-o' 


(IV- 83) 
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APPENDIX  V.  EQUATIONS  FOR  a  A  AND  A  A 

During  the  error  simulation  procedure,  it  is  desirable  to  take  two  random  num¬ 
bers  from  the  random  number  generator  {Z^  and  Z2)  and  produce  two  gaussian  vari¬ 
ables  X1  and  X2  which  have  the  following  statistical  characteristics. 


E  [Xx]  =  E  [X2]  =  0 

Zero  means 

(V-l) 

E  [(Xi)2]  =  aXl2 

(V-2) 

E  [  (X2)]  =  0X22 

(V— 3) 

E  [(Xl)(X2)]  =  aXi  X22 

(V-4) 

The  random  number  generator  produces  independent  numbers  from  a  zero  mean, 
unity  variance,  gaussian  distribution. 

i.  e. 


E  [ZJ  =  E  [Z2]  -  0 

(V-5) 

E  [  (Z1)2i  -  E  I  (Z2)21  =  1 

(V— 6) 

E  [  (Z1)(Z2)]  =  0 

(V-7) 

It  is  easier  to  solve  this  problem  by  using  a  little  reverse  thinking.  Assume  the  X 
variables  are  known  and  the  uncorrelated  unity  variance  Z  variables  are  desired. 

The  following  linear  transformation  proves  to  be  convenient. 

Let: 

r  Xj  cos  0  +  X2  sin  0 

(V-8) 

Y2  =  -X]  sin  0  +  X2  cos  0 

(V-9) 

where  0  is  a  constant  to  be  defined 

Since  X±  and  X2  have  zero  means,  Yj  and  Y2  also  have  zero  means, 
on  Yj  and  Y2  will  now  be  calculated 

The  variances 

0Yi2  -  E  [  (Yi)2]  E  [Xi2  cos2 0  +  2X:X2  sin  0  cos  0  +  X. 

2 2  sin20]  (V-10) 

Since  0  is  a  constant,  equation  (V-10)  reduces  to 

°Yi  ~  aXi2  cos20  +  2aXlX22  sin  0  cos  0+  aX(?2  sin20 

(V-ll) 

Oy22  E  [  (Y2)2]  -  E  [Xj2  sin2 0  ■-  2XxX2  sin  0  cos  0  +  X22  cos2d] 
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<Ty02  -  sin2®  -  2axjy^2sin0  cosy  +  a^2  cos20  (V-12) 

The  covariance  between  Y  j  and  Yg  is  defined  by  the  following  equation 

<?YiYo2  r  E  [(YjltYg)]  [  (Xj^  cost?  +  X2  sin^f-Xj  sinO  +  X2  cos0)  J  (V-13) 

Expansion  of  equation  (V-13)  and  treatment  of  0  as  a  constant  yields 

Oy  Y  2  =  -0rX]2  cos0  +  ^XiXo2  (cos2°  -  sin20)  +  sin®  cos^ 

=  sin0cos0  (a  2  -  crx  2)  +  ox  x  (cos20  -  sin20) 

1  1"*  2 

The  following  trigonometric  identities  will  simplify  equation  (V-14) 

sin  20  .  _  _ 

— ^ —  sin0cos0 

cos  20  =  cos2 0  -  sin20 

CTYiY22  *  (aX22-%2)  +%X22  cos  20 

9 

By  setting  Cy  y^“  equal  to  zero,  ♦'he  desirable  value  for  0  can  be  determined 


si -  ^  =  tan  20  =  “2  axlx  2 
cos  20 


7x2  -  %- 


0  =■  1/2  tan"1 


9(T  2 

-%X2 


9  2 


(V-14) 

(V-15) 

(V-1G) 

(V-17) 

(V-18) 

(V-19) 


2  J 


When  0  takes  on  the  value  shown  in  equation  (V-19),  the  Y  quantities  are  not  correla 
ted  (^Yi  Y22  °)-  The  following  equations  define  Z  variables  which  have  unity  vari¬ 
ance  and  zero  covariance.  ' 


Zj  =  Yj/OYj 

z2  y2/<ty2 

It  now  remains  to  show  that  Zj  and  Z2  have  the  desired  characteristics 
°z,2  ’  E  f  <z  1)21  ’  E  l(Y,/<7Yl)2|  --  (l/ffy,)2  E  l<Y,)2] 
°Z,2  '  * 

°z22  E  ( (Z2)2]  E  |  (Y2/Oy2)2)  a/»Y2)2  E  I  (Yj)2! 

«Z22  1 


(V-20) 

(V-21) 


(V-22) 


( V-23) 
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0ZiZ22  r  E  HZi)(Z2)}*E  I(Yt/Oyi)(Y2/vy2» 

e  l/^Yl2<^Y22  E  l  <Yi)(Y2)1  -  OyiY2/aYi\^ 

0  when  0  -■  1/2  tan"1  I  2aXiX22//°Xj2  "  0X22^ 


(V-M| 


The  original  problem  has  now  been  solved  and  it  is  possible  to  produce  the  correlated 
gaussian  variables  X,  and  Xq  from  the  uncorrelated  unity  variance  variables  Z. 
and  Z>. 

In  summary, 

(1)  Specifications: 

EfiXi)2!  aXi2 
E  [  <X2)21  -  aX22 


E  I  (X1)(X2)]  <^lX22 


(2)  Numbers  from  the  random  number  generator: 


*1 

/-> 


il)  Calculate 

o  l/ztan"1  l2aXjX22/aXi2 -a^2! 

^Yj2  *  0**00# •  *  2aXlXg>ata «  co»e  +  aX22  sin2 o 
"  aXj2  ♦  ax<22  cos2  0 

Y1  - 

Y2  3  cY2Z2 

Xj  Yj  cos#-  Yg  slat 
X2  1  Yj  sin®  ♦  Y2  coa® 

he  quantities  Xj  and  X2  have  the  specified  statistical  characteristics. 
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*  or  standard  atmospheric  --urohUons.  tne  lolloping  formula  yields  a  precist  val*.  ol  computed  magnitude  in  the  case  of 
a  aittusely  reflecting  >phcrt  whose  nominal  magnitude  or  'Tightness  under  tindard  tuning  conditions  is  mn: 
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APPENDIX  VII.  CLEAR  WEATHER  FREQUENCY  (NIGHTIME)  FOR 
UPSTATE  NEW  YORK 


PURPOSE:  To  establish  a  basis  for  estimating  the  percentage  of  clear  nightime 
hours  useable  for  electro -optical  experiments. 

ANALYSIS:  The  Decennial  Census  of  U.  S.  Climate  -  Summary  of  hourly  Observa¬ 
tion  for  Syracuse  and  Albany  for  1951-19G0  issued  by  the  U.  S.  Weather 
Bureau  are  used  for  basic  data.  In  addition  the  following  conditions 
are  assumed  or  imposed: 

1.  That  the  0  to  .  3  cloud  cover  represents  a  relative  measure  of 
"clear"  weather. 

2.  That  the  "night"  hours  considered  begin  following  evening  twilight 
through  to  beginning  of  morning  twilight  (sun  18°  below  horizon) 
approximately  1  hour  after  sunset  to  1  hour  before  sunrise. 

3.  That  the  moon  phase  is  not  a  factor  either  as  effects  weather  or 
the  use  of  the  available  "clear"  nights  -  i.  e. ,  some  loss  of  electro  - 
optical  operating  time  and/or  useable  sky  area  must  be  considers 
if  a  "dark"  clear  sky  is  needed.  On  the  other  hand  experiments 
involving  the  moon  or  bright  sky  work  can  be  scheduled  to  make 

the  most  of  available  "clear"  weather. 

4.  That  there  Is  assumed  good  correlation  between  hourly  readings, 
i.e. ,  weather  doesn't  change  too  quickly  on  the  average. 

5.  That  the  data  is  basically  pessimistic  if  we  plan  to  use  only  that 
sky  area  30°  or  more  above  horizon,  i.e.,  the  0-30°  horizon 

ring  can  be  cloudy  or  hazy  without  interference  to  "clear  night" 

operation,  bad  no  diatinetta  la  made  in  the  data  recorded. 


AVII-l 


DATA:  The  following  data  Is  extracted  or  processed  from  the  referenced  Nfgfte. 
Percent  (Frequency)  ’’Clear*'  Weather  (0  -  .  3  Cloud  Cover) 


SYRACUSE 

(i) 

24  hour 
average  % 

(2) 

Dark  hour 
average  % 

(3) 

Approximate 
darkness  hours 

(4) 

Equivalent 

hours 

January 

.16 

.18 

10.5 

1.89 

February 

.19 

.21 

9.5 

2.00 

March 

.24 

.29 

8.25 

2.40 

April 

.28 

.32 

6.5 

2.  14 

May 

.33 

.43 

5.25 

2.26 

June 

.37 

.48 

4.67 

2.24 

July 

.40 

.52 

4.67 

2.44 

August 

.39 

.48 

6 

2.88 

September 

.40 

.49 

7.5 

3.68 

October 

.36 

.41 

9.0 

3.69 

November 

.19 

.23 

10.25 

2.36 

December 

.14 

.17 

11.25 

12  l93. 34 

1.91 

12129.89 

7.77hours  2.5  hour; 

ALBANY 

January 

.27 

.29 

10.5 

3.04 

February 

.29 

.34 

9.5 

3.23 

March 

.27 

.30 

8.25 

2.48 

April 

.27 

.32 

6.5 

2.08 

May 

.29 

."3 

5.25 

2.00 

June 

.29 

.48 

4.67 

2.23 

July 

.34 

.47 

4.67 

2.19 

August 

.36 

.44 

6 

2.62 

September  1 

.38 

.46 

7.5 

3.44 

October 

.38 

.44 

9.0 

3.95 

November 

.26 

.31 

10.25 

3.  18 

December 

.25 

.29 

11.25 

3.26 

12 1 93. 34 

12 1 33. 70 

7.77hours  2.80hours 


1.  Column  (1)  gives  the  24  hour  monthly  average  percent  Frequency  of  clear 
weather  (0  to  .3  cloud  cover)  direct  for  weather  bureau  data. 


Column  (2)  gives  the  dark  hour  average  percent  Frequency  of  clear  weather 
(0  to  .  3  cloud  cover)  which  is  obtained  by  averaging  the  hourly  observat  ions 
for  only  the  "dark  hours"  as  defined  in  the  analysis.  Note  the  "improved” 
or  higher  percentages  for  dark  hour  "clear"  weather  vs  the  24  hour  averages. 

Column  (3)  gives  approximate  length  of  "dark  hour"  period  (it  is  selected 
for  the  shortest  period  occurring  in  the  given  month,  not  the  average  for 
the  month;  thus,  the  relatively  low  yearly  average  (7.7  hours). 

Column  (4)  gives  the  equivalent  usable  hours  for  observation  work  per 
month  that  is  the  product  of  the  "dark  period"  (3)  and  the  percent  Frequency 
of  clear  night  weather  (2). 

2.  Figures  AVII-1  and  AVII-2  are  plots  of  the  equivalent  usable  hours  of  clear 
weather  by  month;  Column  (4). 

3.  A  practical  check  based  on  the  experience  at  the  G.  E.  Photoelectric  Obser¬ 
vation  near  Schenectady  shows  approximately  50%  of  nights  from  August  5 
through  September  15  to  have  been  good  nights.  This  checks  well  with  the 
data  as  analyzed. 
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MONTH 


Figure  VF  i.  Equivalent  "Dark  Hours"  10  Year  Average,  Syracuse,  N.  Y. 
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GLOSSARY  OF  SYMBOLS,  TERMS,  INCLUDING  CONVERSION  FACTORS 


SYMBOLS  AND 
TFRMS 

DEFINITION 

COMMON  UNITS 
USED 

Astrophysieal 

Terms 

See  also  Section  I 

rm) 

Intensity  or 
Luminous  Flux 

The  brightness  or  intensity  oi  an  object  - 
subscript  designating  order  0-1  etc  —  n 

magnitude  (stellar) 
etc. 

candle  power 

I(A) 

Spectral  Intensity 

Spectral  Intensity  at  a  given  length  (X) 

m 

Intensity  Ratio  in 
terms  of  magni¬ 
tude  'stellar) 

The  ratio  of  Intensity  sources  in  terms  of 
the  exponent  of  5\r100  (stellar  magnitude 
change)  or  Ix/Iy  -  10®* 4,11 

dimensionless 

mv 

Visual  Intensity 
Ratio  (magnitude 
differences) 

The  stellar  magnitude  difference  of  visual 
sources 

dimensionless 

(n)m 

Apparent  Magni¬ 
tude  (star,  body, 
etc. ) 

The  value  of  the  object  of  nttl  magnitude  with 
reference  of  0  magnitude  (stellar)  Om..  106 
photons/cmVsec;  15mv=l  photon/cmfysec, 
etc. 

magnitude  (stellar) 

(n)mpg 

photographic  mag¬ 
nitude  (apparent) 

The  specific  value  of  brightness  of  an  n1*1 
magnitude  source  in  terms  of  astronomical 
film  type  103a-O/ Spectrum  response  -  peak 
at  3500a 

magnitude  (stellar) 
sometimes  speci¬ 
fic  value*  expres¬ 
sed  in  No.  of  10th 
magnitude  stars 
per  degree- 

(n)mpv 

photo  visual  mag¬ 
nitude  (apparent) 

The  specific  value  of  brightness  of  an  n^ 
magnitude  source  in  teuna  of  the  eye  re¬ 
sponse  -  peaks  at  5600 A  normal  or  at 

5200A  for  dark  adapted 

magnitude  (stellar) 

(n)tnbol 

'oolometric  mag¬ 
nitude  (apparent) 

The  specific  value  of  brightness  in  terms 
of  the  >olometric  response  curve  (black 
body) 

magnitude  (stellar) 

G-l 


SYMBOLS  AND 
TERMS 


DEFINITION 


COMMON  UNITS 

USED 


M 

Absolute 

Magnitude 

Magnitude  of  a  given  star  if  placed  at  the 
standard  distance  of  10  parsecs  -  32.62 
light  years 

magnitude  (stellar) 

AU 

Mean  Astronomi¬ 
cal  Unit 

Moans  Earth-Sun  distance;  C 3 ,000,000  miles 
-  ’.-laeo  x  10l3Cm  499.01  light  secs. 

Astronomical 

Unit 

iy 

light  year 

Distance  equivalent  to  the  propagation  velo¬ 
city  of  light  integrated  for  a  mean  solar 
year  -  9.4605  x  1017cm  =■  6.324  x  io4  AU  = 
1/3. 262  parsecs 

light  years 

pc  Distance  from  earth  at  which  the  earth's 

parsec  diameter  subtends  an  arc  of  one  second, 

(parallax  distance)  Thus,  the  distance  of  a  star  having  a  paral¬ 
lax  of  one  second. 

parsec  = 3. 262  ly 

LO  Solar  Radia¬ 
tion 

Radiation  of  the  Sun  3.86  x  lO^S  ergs/sec 

LO  or  ergs/sec 

Star  Mbol  -  0 

Star  Radiation 

2.  72  x  i()28  watts 

Mbol  (bolometric 
Stellar  Magnitu*.  o' 
or  watts 

Celestial  Equator 

Extension  (intersection)  of  a  plane  through 
the  earth's  equator  on  the  heavens  (celestial 
sphere) 

Celestial  Sphere 

The  imaginary  sphere  of  the  heavens  about 
the  earth  with  the  celestial  equator  opposite 
earth's  equator  and  celestial  poles  at  exten¬ 
sion  of  earth's  north  and  south  geographic 
poles 

Celestial  Meri¬ 
dian  (hour  circle) 

Imaginary  line  running  from  pole  to  pole 
through  location  of  an  object  on  the  celes¬ 
tial  sphere  /similar  to  meridian  of  longi¬ 
tude  on  earth) 

d,  6 

declination 

The  angle  of  an  object  above  (+)  or  oelow 
(-)  the  celestial  equator  measured  along 
the  object's  hour  circle  (celestial  meri¬ 
dian  of  object)  similar  to  latitude  on 
earth 

degrees  &  mins. 

a,  RA,  a 

Right  Ascension 

The  angle  of  an  object's  position,  (foot 
of  hour  circle)  (celestial  meridian  of 
object)  with  respect  to  the  first  point 
of  Aries  (Vernal  Equinox)  in  time  from 

0  to  24  hours,  m  the  eastwards  direction 
along  the  celestial  equator 

hrs.  min,  sec. 
of  time  at  earth's 
rotation  rate 

SYMBOLS  AND 

COMMON  UNITS 

TERMS 

DEFINITION 

USED 

Ecliptic 

The  path  of  the  sun  projected  on  the  Celes¬ 

tial  Sphere 

Galactic  Equrtor  Extension  (intersection)  of  the  plane  of  dux’ 

Galaxy  (the  Milky  Way)  on  the  heavens 

1  The  angle  of  an  object's  galactic  meridian  hour  angle  or 

Galactic  longi  -  ^asured  along  the  galactic  equator  from  degrees 

tude  the  galactic  center.  The  S-N  crossing  of  1  hr.  15° 

the  Galactic  Equator  by  the  Celestial  Equa¬ 
tor 

b 

Galactic  altitude  The  angle  of  an  object  above  (e)  or  below  (-) 
the  Galactic  Equator  (the  plane  of  the  Millay 
Way)  along  its  Galactic  Meridian  Galactic 
Pole  191. 3°  RA27.  7°  6  Galactic  Center 
.127.  90 1  -  1. 3°h  or  2330  RA  and  -2  90  5 


A 

wavelength 

The  distance  between  two  similar  and  suc¬ 
cessive  points  on  an  alternating  wave. 

(m)  300,000/f(kcj 

Angstroms, 
microns 
cm,  meters 

» 

A 

Angstrom 

0 

Unit  of  wavelength  lOOQhA  1  micron  (/.<) 
lA  -  10“®  cm 

Angstrom 

Sec. ,  min. 
Second,  Minute 

Units  of  time 

seconds,  minutes 
of  time 

Sec. ,  Sec- 
second  (s)(-) 
min, ,  mth2 
minute(s)  l2) 

Units  of  angle  or  arc  or  angle  area 

seconds,  minutes 
of  arc 

c/i 

Color  Index 

The  difference  in  stellar  magnitudes  be¬ 
tween  photographic  and  photovisual  magni¬ 
tude 

c/i  (iHpg  ”  ,npv) 

Photometric  Terms,  Etc.  See  also  Section  I 

I 

Intensity 

Candle  power  of  a  point  source  of  light 

candie  ted)  or 
lumens/  steradian 

F 

Luminous  Flux 

Rate  of  flow  of  radiant  energy 

lumen  (lm) 

B 

Brightness 

Luminance 

Luminous  Intensity  of  a  surface 

candles/cm  “  (stilbs) 
candles/in2 
candles/ft2 
lamberts  and  foot 
lamberts 
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SYMBOLS  AND 
TERMS 


E 

Illuminance 


A 

Area 

r 

distance  radius 
0 

Angle 

angle  of  normal 
from  source 

Q 

Quantity  ot  Light 
Luminous  Energy 

L 

Luminance  or 

Luminance 

Emittanee 

R,  p 

Reflectance 


f  or  f/no 
lens,  speed  stop 

D,  d 

Diameter 
Lens,  etc. 
Aperture  size 

FL 

Focal  Length 


DEFINITION 


COMMON  UNITS 
USED 


Lumiuous  flux  density  at  a  surface 


Area  of  a  surface 


lumens/ft2  (foot 
candles) 
lumens/cin2 
lumens/m2  (lux) 
see  p  1-10 

in.2,  ft.2,  cm2. 
•» 


Separation  distance,  radius 


in. .  ft. ,  miles, 
ern,  m,  km 


An  angle  or  angle  between  normal  and 
source  of  illumination,  etc. 


degrees,  mins, 
Secs. 


Integration  of  luminous  flux  (F>  per  time.  lumerg:  Talbot 
Q  -  f  F  dt  lumen  -  sec 

lumen  -  hours 


Emission  ot  light  from  a  source;  present  lambert  l/n  r. 
usage  combines  Luminance  with  Bright-  die  s/cm  2 

ness.  Leaving  L  for  Luminance  Emit-  ft  lambert 
tance  L  F/A  -  B 


Reflectivity  of  a  surface  ratio  of  Bright-  dimensionless 
ness  and  Illuminance 
B/  E  R 

Lens  speed  or  ratio  of  Diameter  to  Focal 
Length 

Una  (aperture)  diameter  inches  cm 

Aamettr  etc. 


The  location  distance  of  primary  image  inches,  cm 
of  a  lens  W  ith  object  at  infinity 


For  table  of  coaversion  of  photometric  limits  see  Section  I 


A.  COORDINATE  SYSTEMS 


Positions  ot  objects  with  respect  to  an  observer  on  earth  can  be  expressed  in 
many  coordinate  systems.  The  selection  is  dependent  on  the  parameters  of  the  task 
At  hand.  For  instance:  for  terrestrial  positions,  Latitude  and  Longitude  are  used  to 
define  locations  with  azimuth  and  elevation  used  to  describe  look  angles  from  obser¬ 
ver’s  position.  F(  *  celestial  objects.  Right  Ascension  and  Declination  are  used  to 
detise  celestial  position.  (In  astronomy  galactic  coordinates  are  also  used. ) 

Since  satellite  surveillance  systems  are  concerned  with  celestial  motions  and 
background,  it  may  be  convenient  to  orient  the  equipment  so  as  to  follow  celestial 
motion  rather  than  use  the  more  conventional  azimuth-elevation  axis.  Though  Right 
Ascension  and  Declination  position,  and  equatorial  mounts  are  quite  familiar  to  astro 
nomers,  a  few  descriptive  diagrams  may  be  appreciated  by  engineers  '•ccustomed 
to  azimuth -elevation  axis  equipment. 

1.  COORDINATES  ON  THE  EARTH:  -  LATITUDE  AND  LONGITUDE 

By  international  agreement  the  meridian  passing  through  Greenwich,  England 
is  the  prime  meridian  (0°).  the  reference  from  which  the  Longitude  or  terrestrial 
angle  to  the  meridian  of  the  observer's  location  is  measured,  either  east  or  west  to 
180°  (to  the  international  date  line).  latitude  is  the  angle  above  (N)  or  below  (S)  the 
equator  marking  the  observer's  location. 


'Hit  daahed 

vertical  line  represent*  the  rotational  axis  <>f  the 
earth  The  heax\  curved  line  on  the  right  aide  n 
the  prime  meridian  patting  through  Greenwich 
Ohaervatorv.  The  heavy  line  on  the  left  ta  the 
meridian  ot  Waahingtnn,  D  C  The  horizontal 
curved  line  n  the  e«|uator  of  the  earth.  Thr  angle 
/  it  the  longitude  of  Waahington,  and  the  male  b 
ja  itt  latitude. 


Figure  Ci- 1 .  Coordinates  on  the  Earth 


2.  COORDINATES  FOR  CELESTIAL  OBJECTS 

When  an  observer  looks  to  the  night  sky,  the  stars  appear  to  be  located  on  the 
inner  surface  of  f  vast  hottow  sphere  of  Infinite  radius  about  the  observer.  Thus  the 
as  tarsi  phrase  -  eales list  Sphere. 


To  establish  references  for  this  celestial  sphere,  the  terrestrial  north  ar 
poles  learth  spin  axis)  are  assume'  extended  to  pierce  this  sphere  establishin 
celestial  north  pole  (CNP)  and  celestial  south  pole  (CSP),  respectively.  Like' 
the  earth's  equator  projected  to  the  celestial  sphere  becomes  the  celestial  eqt 
Thus  the  celestial  equator  is  the  intersection  of  the  plane  of  the  earth's  equate 
the  celestial  sphere.  See  figure  G-2. 


CiVf  and 

represent  the  celeetiai  north  pole  and  the  c< ! 
•outh  pole.  The  celeetiai  equator  is  the 
tion  of  the  plane  of  the  earth \  equator  v  1 
celeetiai  sphere. 


Figure  G-2.  The  Celestial  Sphere 

Now  then,  if  one  stands  on  the  earth  at  the  north  pole,  the  celestial  north 
la  directly  overhead  (Zenith);  if  one  stands  at  the  earth’s  equator,  the  CNP  is 
the  north  horizon  (since  the  earth's  radius  is  small  when  referenced  to  celesti 
distances);  if  one  stands  in  between,  the  CNP  is  elevated  above  the  horizon  by 
amount  equal  to  the  latitude  of  the  obseiver. 

Similar  to  the  meridians  of  longitude  on  earth,  'hour  circles"  are  definec 
the  line (8)  on  the  celestial  sphere  made  by  a  plane  oriented  to  pass  through  th< 
and  CSP  and  the  object  or  star  position.  To  establish  a  reference  for  measur 
the  hour  angle  or  Right  Ascension  (the  angle  of  rotation  about  the  CNP-CSP  a> 
the  star  position  from  the  reference  hour  circle),  the  hour  circle  of  the  vernn 
nox  (often  referenced  as  the  First  Point  of  Aries  [rj  is  used.  The  vernal  equ 
O')  la  the  point  where  the  plane  of  the  ecliptic  intersects  the  equator  of  the  cel 
sphere  going  from  south  to  north  (winter  to  summer  -  northern  hemisphere); 
21/22. 

The  plane  of  the  ecliptic  represents  the  plane  of  the  earth's  orbit  about  th 
Since  the  earth's  spin  axis  is  tilted  23-1/2°  to  the  ecliptic,  the  celestial  spher 
accordingly  tilted  to  the  ecliptic,  crossing  at  the  vernal  and  autumnal  equinox. 

This  is  best  illustrated  in  figure  G-3. 
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The 

central  dot  represents  the  tun.  The  location  of  the 
earth  ia  indicated  in  four  position*  or  •»  orbit.  The 
intersection  of  the  orbital  plane  with  the  celestial 
sphere  ia  the  ecliptic.  The  intersections  of  the 
ecliptic  and  the  celestial  equator  art  7 ,  the  vernal 
equinox,  and  A,  the  autumnal  equinox.  The 
rotational  axis  of  the  earth  ia  inclined  66|°  to  the 
orbital  plane,  or  23|°  to  the  normal  of  that  plan' 
consequently  the  ecliptic  makes  an  angle  of  21| 
with  the  celestial  equator. 


Figure  G-3.  Celestial  Equator  and  Ecliptic 

In  summary,  the  measurement  of  Right  Ascension  is  always  measured  east.. art i 
from  the  vernal  equinox  ft  )  and  is  generally  written  in  hrs. ,  min. ,  sec. :  _M  hr 
360°  or  1  hr  -  15°  angle. 

The  nosltion  above  (+)  or  below  (-)  the  celestial  equator,  measured  in  degrees 
along  the  hour  circle  of  the  object,  ia  termed  declination,  (6).  See  figure  G-l. 


The  hour  circle  of  the  vernal  equinox  ser>»»  m  the 
btfinrung  of  the  co-ordinate  right  aacenaiot,  as  the 
prime  meridian  on  earth  serve*  as  the  beginning 
of  the  co-ordinate  longitude.  At  the  intersection 
of  this  hour  circle  with  the  celettial  equator  it  the 
vernal  equinox.  The  right  ascension,  »,  of  the 
Mar  Capella  is  measured  eastward  along  the 
celestial  equator,  from  the  vernal  equinox  to  th¬ 
in  tersecti  on  of  the  hour  circle  of  Capella  With  the 
celestial  equator.  The  decimation,  6,  of  Capella  » 
measured  from  the  celestial  equator  along  the 
hMt  cMi  of  dit  ttar. 


Figure  G-4.  Coordinates  on  the  Celestial  Sphere 


The  rotation  of  the  earth  on  its  axis  from  west  to  east  in  a  period  of  one  sidereal 
day  (23  hrs  56  min  4.09  sec)  makes  all  celestial  bodies  (sun,  moon,  planets,  stars) 
appear  to  turn  around  the  earth  from  east  to  west  in  the  same  period.  The  solar  day 
(24  hr)  includes  the  4  min  (*=  1/365-1/4)  to  '■ccount  for  the  earth's  revolution  lost  due 
to  its  orbit  about  the  sun. 

The  latitude  of  the  observer  sets  the  elevation  of  the  CNP  above  observer's 
horizon  and  likewise  D0°  from  it,  the  distance  from  the  observer's  zenith  to  the 
celestial  equator.  If  the  observer  moves  to  another  latitude  the  elevation  of  the  CNP 
will  change  accordingly. 

An  equipment  mount  oriented  to  have  its  prime  axis  pointing  to  the  CNP  (tilted 
to  the  latitude  of  »cs  location)  can  be  programmed  to  rotate  at  sidereal  rate  and  thus 
stop  the  east-west  movement  of  celestial  bodies.  Its  secondary  axis  is  oriented  for 
measurement  of  declination  (angle  above  or  below  the  celestial  equator!.  Such  a 
mount  is  thus  commonly  called  a  ''polar  mount"  or  "equatorial  mount". 

3.  GALACTIC  COORDINATE  SYSTEM 

Another  coordinate  system  of  interest  primarily  to  astronomers  is  based  upon 
a  great  circle  called  the  Galactic  equator,  considered  to  be  in  the  plane  of  the  Galaxy, 
about  1°  north  of  the  center  of  the  Milky  Way.  Galactic  latitude  (b)  is  measured 
north  and  south  from  the  Galactic  equator.  Galactic  longitude  (/)  is  measured  east¬ 
ward  from  an  intersection  of  the  Galactic  equator  and  the  celestial  equator  which 
occurs  at  about  80°  Sidereal  Hour  Angle  or  about  280°  (18  hours,  40  minutes)  Right 
Ascension.  (SHA  +  RA  =  360°). 
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